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ABSTRACT

The dynamic stall of rapidly pi*tching and oscillating
airfoils is investigated by the numerical solution of the
£full compressiblz unstealdy Lav-dimensional Navier-stokes
equations using an alternating-~direction-implicit scheme.
The flow is assumed to be fully turbulent, and the turbulent
stresses are modelled by the Baldwin-Lomax eddy viscosity
mode]. Three airfoils (NACA 0012, NACA 0012-33, and NACA
0012-63) are analyzed for the purpose of examining the
inflvence of leading-edge geometry on unsteady flow separa-
ticn., It is found that a larger leading edge radius, thick-
er contouring of the forward part of the airfoil, or in-
creasing reduced frequency results in delaying flow separa-
tion and formation of the dynamic stall vortex to a higher
angle of attack, yielding higher peak C.. Within the scope
of this study, the pressure gradient encountered by the flow
at initial separation is found to be independent of reduced
frequency and freestream speed. The critical pressure
gradient is dependent on leading edge radius and increases

for decreasing leading edge radius.
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I. INTRODUCTION

A. BACKGROUND

The aeronautical community has been aware of the phenome-
non of dynamic stall for several decades. Dynamic stall is
characterized b, separated flow and shedding of the leading
edge vortex from the upper surface of an airfoil which is
rapidly pitched to angles of attack beyond the normal stalling
angle of attack. The phenomenon results in significant
temporary increases and decreases in 1ift, drag, and moment
coefficients.

The scope of this work is the investigation of the
phenomenon of dynamic stall for rapidly pitching and oscillat-
ing airfoils. The phenomenon of dynamic stall was observed
for the first time for flows over the retreating blades of a
helicopter. The dynamic stall resulting from the oscillatory
motion of the rotor blade is associated with an increase in
lift and the development of a severe nose down pitching
momer.t. The effects of dynamic stall are usually undesirable
for the helicopter, and where possible special care is taken
to reduce its effects by special design of the rotor. On the
other hand, interest has recently developed to exploit the
increased 1lift obtained from the rapid pitch-up motion of an

airfoil in order to enhance the maneuverability and extend the




flight envelope of the modern fighter aircraft to the high
angle of attack regime, or to alleviate retreating blade stall
for helicopters utilizing Higher Harmonic Control (HHC).

It is well known that for flow over an airfoil at fixed
angle of attack the streamlined airflow is disrupted once a
critical angle of attack is exceeded. At stall, the flow over
the upper surface of the airfoil separates and the 1ift drops.
It was observed, however, that rapid pitch-up motion of the
airfoil delays static stall so that high 1ift (an be main-
tained for angles of attack beyond the static stall angle.

As the pitch-up angle exceeds the static stalling angle of
attack, a thin layer of reversed flow develops in the boundary
layer. This reversed flow occurs in two types of stall:
trailing edge stall and leading edge stall [Ref. 1]. In
trailing edge stall, the reverse flow region begins near the
trailing edge and traverses forward; in leading edge stall,
the reverse flow region occurs near the suction peak just aft
of the leading edge. In both cases, a vortex begins to form
near the leading edge region, expands, and moves downstream.
The angle of attack at which the vortex is formed depends on
airfoil shape, pitch rate, mean angle and amplitude, Mach
number, and Reynolds number.

The vortex formed at the leading edge is called the
dynamic stall vortex, and moves with a speed of approximately
0.4 freestream speed relative to the airfoil as the pitch-up

progresses. Lift, drag, and pitching moment increase signifi-




cantly until the vortex appreoaches the trailing edge, then
drop sharply, but not simultaneously (Figure 1). The unsteady
surface pressure increases, and the suction peak appears at
different locations along the chord as the dynamic stall
vortex moves over the airfoil. Secondary and tertiary
vortices may also be present and produce additional suction

peaks and fluctuations in airloads.

To date, most theo-
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occurrence of stall of an oscillating airfoil compared to a
fixed angle of attack airfoil. McCroskey and Pucci (Ref. 2]
identified varying regimes of viscous-inviscid interacticn
during varying degrees of unsteady flow separation. The
conclusion of the experimental studies of Refs. 1 and 2 was
that the reduced frequency has a dominant effect on the
development and progression of the dynamic stall. Experi-
mental work by Chandrasekhara and Carr [Ref. 3] using the NACA
0012 airfoil showed that a dynamic stall vortex always forms
near the leading edge of an oscillating airfoil. Their study
also documents the movement of the dynamic stall vortex.
Chandrasekhara and Brydges [Ref. 4] documented the effects of
increasing amplitude on an oscillating airfoil in both
compressible and incompressible flow. They showed that larger
amplitudes resulted in vortex retention at higher angles of
attack for a given Mach number and reduced frequency.
Progress in computational fluid dynamics has made possible
the study of dynamic stall by numerical solution of the
unsteady Navier-Stokes equations. Mehta [Ref. 5] demonstrated
that Navier-Stokes simulation of the unsteady incompressible
flow around the airfoil in oscillatory motion can reproduce
the experimentally observed results. Wu et al. [Ref. 6]
presented solution procedures based on an integral formulation
of the incompressible Navier-Stokes equations for the
computation of unsteady flow over airfoils. Beddoes [Ref. 7]

and Jang et al. [Ref. B] presented viscous-inviscid computa-




tion methods for unsteady flows. Sankar and Tang [Ref. 9],
Visbal [Ref. 10}, and Ekaterinaris [Ref. 11] used ADI (Alter-
nating Direction Implicit) numerical schemes for the solution
of the compressible Navier-Stokes equations, and investigated
the effects of compres ibility on dynamic stall. The numeri-
cal solutions for both incompressible and compressible flows
showed good agreement with experimental results, and predicted

the events of dynamic stalls.

B. PURPOSE

As indicated, the aforementioned studies focused on the
variation of flowfield parameters on the dynamic stall of a
particular airfoil. The purpose of this study is the system-
atic investigation of the effect of leading edye geometry on
the development of dynamic stall. It is expected that the
effect of the leading edge geometry will have a significant
effect on both the development of the dynamic stall vortex and
its subsequent shedding. This numerical investigation is
intended to provide a cost-effective means of quantifying
which airfoil parameter variations should be analyzed in more
expensive wind-tunnel tests. The numerical investigation of
airfoil parameter variations offers the benefit of optimizing
the utilization of more costly test facilities.

The investigation is conducted using a numerical solution

of the full two-dimensional, Reynolds-averaged Navier-Stokes




Equations, and the Baldwin-Lomax eddy viscosity model of Ref.

16 is used to obtain the turbulent stresses.

C. AIRFOIL SELECTION

Modifications to the NACA 0012 airfoil were made forward
of the point of maximum thickness (12% thick at 30%) chord by
the method suggested in Ref. 12, The NACA 0012 profile was
retained aft of 30% chord for the two new airfoils. In this
manner, changes in the flow could be attributed directly to
the changes in the forward part of the airfoil. The two air-
foils consisted of the NACA 0012-63 and NACA 0012-33 airfoil
section forward of 30% chord. The NACA 0012-63 has the same
leading edge radius as the NACA 0012 (1.58% chord) but
different curvature to the point of maximum thickness. The
NACA 0012-33 has a smaller leading edge radius (0.39% chord)
with curvature necessary toc achieve the same 12% thickness
ratio at 30% chord. Airfoil coordinates are provided in Table

1, and the resulting modified profiles are shown in Figure 2,




TABLE 1. AIRFOIL COORDINATES

.01
.02
.03
.04
.05
.06
.07
.08
.09
.10
.11
.12
.13
.14
.15
.16
.18
.20
.22
.24
.25
.26
.28
.30
.40
.50
.60
.10
.80
.90
.95
1.00

X/C

NOO12

.01701
.02360
.02842
.03232
.03555
.03840
.04090
.04313
.04505
. 04681

04842

.04990

05123

.05242
.05345
.05441
.05610
.056742
.05840
.05903
.056943
.05964

05992
06000

.05803
.05294
.04563
.03664
.02623
.01448
.00807
.00126

NOQ12-63 NOO12-33
.01682 .01040
.02320 .01550
.02783 .01969
.03160 .02332
.03474 .02661
.03750 .02962
.03991 .03241
.04210 .03500
.04403 .03741
.04580 .03966
.04742 .04171
.04890 .04374
.05023 .04557
.05147 .04734
.05260 .04888
.05362 .05035
.05540 .05300
.05686 .056515
.05802 .05692
.05890 .05830
.056924 .05881
.05952 .06925
.05988 .05982
.06000 .06000
.05803 .05803
.05294 .06294
.04563 .04563
.03664 .03664
.02623 .02623
.01448 .01448
.00807 .00807
.00126 .00126




£€9-2100 VOVN

€E€-2T00 VOVN

2100 VOVN

Airfoil Profile Comparison

Figure 2.




II. GOVERNING EQUATIONS

The flow of a compressible, viscous fluid satisfies
conservation of mass, momentum, and energy. The conservation
of mass is expressed by the Continuity Equation, the conserva-
tion of momentum by the Navier-Stokes Eguations, and the
conservation of energy by the Energy Equation. The conserva-
tion eguations are derived in the following section. The

derivation is done in an Eulerian frame of reference.

A. CONTINUITY EQUATION

Consider a control volume in a flow field where flow
properties vary with both time and space. Conservation of
mass regquires that the rate of change of mass inside the
control volume equals net mass flux out of the control volume.

This is expressed as:

%fffvolp d(vol) + fafpﬁdé =0 (1)

using Gauss's theorem for a surface integral, Eq. 1 becomes

f{f, Zawon « [ff_vondwon =0 @

or,

[{f 12 +v(pN1dvol) = 0 (3)

therefore, for an arbitrary control wvolume,




% ,v -
at+V(pr7) 0 (4)

for any continuous flow. For a two-dimensional flow, and

Cartesian coordinates, Egq. 4 reduces to

8o d(pu) o(pv) _ 5
ot T Tox oy 0 e

B. THE MOMENTUM (NAVIER-STOKES) EQUATIONS

Consider « fluid element in a rectangular Cartesian
coordinate system. The stresses and pressures are shown in
Figure 3, and body forces are neglected. Summation of forces

in the x-direction yields:

F, = pdxdydzizg

Dt
at (6)
= [p- (p+—g§dx)3dydz + [T 0+ T d);) -T ) dydz
T
+ [(‘tyx+—ayﬂdy)-tyx] dxdz + [7v .+ ;;xdz)--czx] dxdy
or,
p_EEi _ _0p \ ot . . 8tyx . ot ,, (7)
Dt ox dx dy o0z

Similarly, summation of forces in the y- and z- directions

yields:
v _ 8, Sy, Gty , Tty (8)
P Dt oy Y ax ! ay Y oz
Dw _ _QE atxz 81:yz a‘t" (9)
P Dt 9z = dx dy T

10
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2
Figure 3. Forces on a Fluid Element

Using the Continuity Equation, the equations expressing the

conservation of momentum for a two-dimensional flow are:

3(pu) . 3 2 3 N ot 0T 4 10
dat ax("“ * P ay("”‘) ax oy (10)

1]
g

dlpv) , @ 0 (oy2 ot Ot yy 11
gt " ax (Puv) v go(pviep) = e 5 (D)

The relation of the viscous stresses ¢ T and T, to the

xx’ y

yy’'

independent variables is developed in the following discus-
sion.
For a two-dimensional flow in Cartesian coordinates with

an infinitesimal fluid element undergoing distortion due to

11




.v1
dy
du
v+ (ar dy
e
dy
vt ¢l v+ (‘-)-‘i\ dv Fluid element at

" n tune. 1 + At

————
| d
i Fluid efement at time ¢

! \

Figure 4. Strain on a Fluid Element

stresses as shown in Figure 4, the angular displacements A8,

and AG; are:

ov ou
A8, = =LAt a8, = - At (12)
The strain increment is given by:
AK = A8, - A8, , (13)

in the limit, the rate of strain is given by :

dk - dez da], _ 6v+ ou (14)

®x = gt~ dt  dt  ox dy

Using Newton's Law of Fluid Friction (definition of

viscosity),

Ty = b5 (15)




then the rate of strain caused by the tangential shear stress
is given by:
ov ou
T, = Whe = = + = (16)

For large velocity gradients the normal stresses t_  and T,y
can be significant and result in a viscous-induced normal
force on the fluid element. For example, as documented by
Schlichting ([Ref. 13], in order for fluid isotropy to be
maintained at every point, the principal axes of stress and
rate-of-strain must coincide to avoid introducing a preferred
rotation direction. With this concept, a normal stress must
depend both on its respective component rate of strain as well
as the shearing strain rates, with different weighting
factors. Choo=ing the factor 2p for the component direction
factor, which causes Newton's Law of Friction to be satisfied

for simple shear, obtailn

= —_ s 27 ~= 17

¥ xx ox Gy) ML e
Ju ov ov

= _ 4+ ¥ ~ 18

Ty A(ax+ ay) * 2k 3y (18)

where 1 is the shearing stress proportionality factor. Using

Stokes's hypothesis, A = -2/3 p, obtain

13




s (o du_ 3y

dv _ du

)

L]
n

1)3,:%,,,(25}_, a)_() (19)
N dv . du
Tx.y-—“( —é;"'—a-—;)

C. THE ENERGY EQUATION

Conservation of energy is the manifestation of the First
Law of Thermodynamics (dE = dW + dQ) to a moving fluid element
in rectangular Cartesian coordinates. The First Law of
Thermodynamics is applied to a control volume (Figure §&),
where the energy fluxes are shown. The rate of change of
energy inside the fluid element is equal to the net flux of
heat into the element plus the rate of work done on the
element by pressure and viscous stress.

The rate of change of energy of the fluid element having
an instantaneous internal energy per unit mass e and speed V

is

pa—"c(e+ —‘;i)dxdydz (20)

where V<= u' + v' + w'. The heat flux into the fluid element
is the sum of external volumetric heating and heat transfer
across the surface due to temperature gradients. Assuming no
external heat addition, the volumetric heating is zero.

The net heat transferred out of the fluid element due to

thermal conduction in the x-direction can be expressed as:

14




4_‘,[up+ a—%”{—’) d.\] dy dz
a(ur, )

En" = ¢l.\] dy dz

[ e 1

§ 9
. q
([l + —'—‘a; (l.\) dy dz

a(ur, )
[ur" + ._az—’L dz] dx dy

Figure 5. Fnergy Fluxes on Fluid Element
3 qx qx
- (g 94 - 9% (21)
(g, (g, + 3 dx)]) dydz 3 dxdydz

Accounting for the y and z directions, the total heat trans-

ferred out of the fluid element is:

(%, 39, , 34,

= -V 22
ox oy 3z ) dxdydz (V-@) dxdydz (22)

where the heat flux is expressed in terms of the temperature

gradient according to Fourier's law of heat conduction as

0T (23)
4 0x 4

and k is the thermal conductivity, considered constant and
independent of temperature.
The rate of work done on the fluid element in the

x-direction by pressure and shear stresses is

15




_ 0(up) . d(ut ) a(uryx) d(ur ,,) 04
[ ox 3x M 3y + 3z ] dxdydz (24)

Accounting for the y and z direction pressure and shear
stresses, the net rate of work done on the fluid element can

be expressed as:

7, 0uTy)  O(ut,) 0O(ut,

-Vev s —5 3y 3z
dlve,)  d(vr,) d(vi,) (25)
* x oy * oz
d(wr,,) d(wr,,) Jd(wr,,)
+ P + Byy + az’ ] dxdydz

The complete energy equation for a viscous flow with no
external heating can then be expressed as:

d 1172y o [0S Temir
p=(e+2V?) = [-V-g-VpV

N d(ur ) . d(ut ) N d(ut,,)

Ox oy 0z
(26)
L8y  dlve,) d(vr,)
ox oy oz
d(wr,,) od(wr ) d(wt,,)
* ox * oy * oz ] dxdydz

The two-dimensional compressible viscous flow energy eguation

reduces to:

4 (eslyzy . 2 9
Pdt(e+2V)+ax(pu)+ay(pV) 21)

Using the continuity equation and setting

16




E= (e+2V¥)p , (28)

the total energy per unit volume, the energy equation becomes

2B, 2 1Erprul « L ((B4p) V]
¢ Y (29)
—a( +v-r—‘)+a(ut +VT - q,)
T T (YT xx xy~ 9x 3y xy yy~ Yy
‘where Toxt Tyyr and T, are as previously derived (see Eg. 19).

D. CONSERVATION LAW FORM OF THE GOVERNING EQUATIONS

The conservation law form of the governing equations for
the two-dimensional viscous compressible flows can be written
acs [Ref. 14]
where Q is the vector of dependent variables, F and G are the
inviscid fluxes along the x and y directions, respectively,

and R and S are the viscous fluxes along the x and y direc-

tions, respectively. These terms are given by:
P pu pv
pu u+ puv
Q = F = P p G =
pv puv pvi+p
E (E+p)u (E+p) v

17




0 [ 0 ]
TXX txy
R = S =
txv T'.yy
UT 1+ VT = d’L Ut o +vT,,-d,
Non-dimensionalizing the equations with
X, . u . .
X;'—E U1=-—i— P =_L2_ p*= b 5
bl pnvﬂ pmVQ
.. T o B .__e . t
T = —— = e'= t*=
. YT 7 L7V,

where L[ iz the reference length, and setting

P.V.L
M.

Re =

the Reynolds number based on the reference length,

non-dimensional form of the conservation law:

__a_o_+_§f.‘+£=i aR+.Q_S.)

ot ox oy Re 0x Oy

obtain

(31)

the

(32)

with non-dimensional variable Q@ and the inviscid flux terms (F

and G) as before, and the viscous terms given by:

o T

ut

i

XX

+ VT

Xy

or
(y-1) M2Pr Ox

18
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S = T (34)

oT
ut, + Vvt - -
| Y  (y-1)M?Pr Oy

Here Pr C, w/K is the Prandtl number, and M = [V|/a,. 1In
order to enable solution of the governing equation for
arbitrary geometries, the governing equations are expressed
for a curvilinear generalized coordinate system. The

curvilinear coordinate system ({,n) is linked to the Cartesian

coordinate system (x,y) by

E=E(x,y,t) ., n=nilxy.t) (35)
The curvilinear coordinate space (£,n) is referred to as the
computational domain and is linked to the physical domain
(x,y) by the non-zero Jacobian of the coordinates transforma-

tion

- 0(E,m) _ 08 on _ 0t on _ 1
ST 3G y) T oxdy oy ex  dx 0y ox oy  (36)
o on Jn o

It can be shown that the governing equations [Ref. 18] retain
the strong conservation law form for a generalized coordinate
system. The two-dimensional strong conservation law form for

a generalized coordinate system is:

20,8F, 8 _ 1 3R, 3s 37
5t T3 T~ Re \BE T on) (37)
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where

o- 3t =
E
[ pU ] - pV
puU+p%§ puV+p%§
Fz%' pVU+p_g_E}; GleT pVV+p%;]’- (39.,40)
(5+p) U- g%_  (B+p) V—-p—g—a

and U and V are the contravariant velocity components along

the § and n directions, respectively given by:

< SR L . | 0,0, 0
U 6t+uax+vay \% 8t+uax+V8y (41,42)

The viscous terms are given by:

— 0 ~
oo,
Tn'g%+ryy%§; (43)

B 0Ty R
((UT et vT,, (1) M Pz ax)aax y
- B o7y 9¢
+(ut, +vr TET ay) ay]

|
]
ol

and
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[

0
tx”&x+t”75%
L

xY Ix Yy gy

oT, on
SO _ N
Tt VT dy ' ax
[(U xy Yy (Y-I)MZPI y—a—jj)gll]

+ (utxy‘"VT.YY— (Y_l)mzpr ay ay

21

(44)




III. NUMERICAL APPROACH

A. NUMERICAL PROCEDURE

The strong conservation law form of the two-dimensional
Continuity, Navier-Stokes, and Energy Equations in generalized
coordinates presented in Chapter II provides a useable format
for implementing a numerical solution technique. The numeri-
cal method used for the integration of the governing equations
is a finite difference numerical scheme based on the Beam-
Warming algorithm [Ref. 15}. The viscous terms are retained
in both directions in order to enable capturing intense
viscous effects encountered in massively separated flow
regions at high angles of attack. The turbulent stresses were
modeled using the Baldwin-Lomax eddy viscosity model [Ref.
16]. An algebraic C-type grid (157x58) was used for the
computations. The boundary conditions were treated explicit-
ly, and the unsteadiness was imposed by the motion of the

grid.

B. THE BEAM-WARMING ALGORITHM
The strong conservation law form of the two-dimensional
compressible Navier-Stokes equations in the vector notation is

as follows:
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ou , 8E(V) , 9F(y) _ OV, (U,U) 3V, (U, U,)

at ox ay ox ox (45)
, 9w (u,u,) 9w, (U0,
9y dy

here the vector U, the non-linear inviscid terms E and F, and

the viscous terms R and S are given by:

rp pu B pY ]
pu pu? +p puv
U= E(U) = F(U) =
pv puv : pv: +p
E E, +
& tJ _( 1 P)u_j _(Et +P)U_J

[ 0 ]
2

suu, —vu
R=V +V,= (2t = vy) (46)
u(uy+vx)

po(uy +vy) + 3 uuQu, —v,) + kT"_J

[ 0 ]
u, +v

S = Wl +W2 = 2#( Y X)

5“(2Uy —Uy)

ru(u,, + v,) +%uv(2vy —u,)+ kT,

The Beam-Warming numerical algorithm is an implicit finite
difference scheme where the solution is marched in time using

the difference formula

8,At

At 3 ,.n 0
WW(A"U)+ (U )+

ABU = - —_—
1+0, ot 1+6,) AU

(47)
+0[ (91-%—02) (At)2+ (AE)3]
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where &" U = U™! - y", By substituting Eq. (45) into Eq. (47),

ohtain

A"U=M .a_(_ArlE+ ATV, 4+ A"V )+i AP n n
6] | 3 ' 3)+ 50 (CA"F + AW, + A™W,)
At 0 0
+l—+0—2[5;(—13"+v7+v;')+5;(—F"+w','+w;')] (48)

02 _ 1
+ 3 ¥ 0] A" 'U+Q [(e. —5—02) an? + (At)’]

The delta terms are linearized using truncated Taylor series

expansions, so that:

BT = B+ (%5) n(ymi-yn) +0[ (At)?] (49)
which can be rewritten as

A"E = [a] "A"U+0[(At)?) (50)

where [A] is the flux Jacobian matrix dE/dU given by

p—— I- ———
0 [ -1 : 0 : 0
| | |
3 1—
7u’+ Yu’ l (r—3)u '(7—1” '(1—7)
2 2 | | | 5
] =- | f | (51)
uvy | —v | —u | 0
1L ,u : r 1 | '
-—‘—+(| —)u@? +v?) | —M+1——(3u2+uz):('y—-])uu : —yu
| P | P 2 | |
In a like manner, A" F can be linearized as
A°F = [B]"A"U+0[(At)?] (52)

where [B) is the Jacobian matrix JF/0dU given by
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| I
0 I 0 i -1 : 0
| |
uv ] —v | —u : 0
{ i [ (53)
- 3— 1—- :
(8] = Y4 LW P (=1 | (y —3)w 11—y
2 2 | | |
E ll | E !
YL,V | —
4 (1 —y)u@? +v?) | (y—Duv _7_£+7 (Bv? +u?) : — v
N l LA b

The viscous delta term A" V{(U,U,) is linearized by writing

oV,

A"V —(QYL nA"U+ — "A"U + 0[(Ar)?

= [P]" A"U + [R]" A"U, + O[(AD)?]

= (IP] = [R,])" A"U + 2 ((R)" A™U) + OL(A1Y"]

where [P] is the Jacobian 8V1/aU, [R] is the Jacobian 6V1/8Ux,

and [R, ] = 9[R)/9x. These matrices can be written as

[ ! |
[ 0 |0 100 (55)
4 4 Lo
_U(—u> | (—u) ! o |
P~ R, =—1 e L0
p _ | | |
VHy | 0 I uy 10
(4 AN
-_ —_ —_2
—u<3u>x vu,:u<§u>x:uux:'0
[ ! ) R
0 | o | o 1o
4;m : 4 I' '
-3 4 |
ir) =1 ? I
P — v ' [ [
: 0 : u : 0 (56)
- iu—-— u? - _k v’_.&!_f b(a _k ! k Ik
3 ACL wiplu——Jvo | =
L v Cy Cy P | 3 Cy Il Cv : Cy
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The matrix for [P]-[R)] is obtained by assuming that p and k
are locally independent of U. In a like manner, A"VU(U,UQ is

linearized as

Ao, = (10 - [5,1) AU+ ([S17A"D) +0L(AD)?)  (57)

where
| ! -~
BRI
_ !
Uky B 0,0 (58)
1 | | I
er-Iis,l=—= _v<i ) I o I (4 ) |
| |
4 4
_u2<§u) —uly, : up, : v<§u : 0
L Y [ | Yo
and
] | !
r 0 | 0 | 0 :0_1
i |
~pu : u : 0 1 0 (59)
|
=1 _4 ' 0 ' 2u Lo
’ ! | k
4 K\, _L> 2 _k Eil ( __k_>,,'<iu_5>u|_
L— (3 = -C—u-> v (F‘ Cy u Cv. P : Cy || 3 Cy | Cv__‘

The cross-derivative terms can be evaluated explicitly without

loss of accuracy by noting that
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APV2 = APV, 4 0[ (At)?)
(60)

Aw"” = A™1W +0[(AL)?]

for a uniform time step At. By evaluating the cross-deriva-

tive terms in this manner, the block tridiagonal form of the

final equations is maintained.
Substituting Egs. (50), (52), (54), (57), and (59) into

Eg. (48) vyields

gm = [a (141 = 1P] + [Ra))" = 25 [R)”

A"U

n __ _a_z,_ n
+ 2 (181 - 101 + 15,1 57 1) }

- At 9 ny 9 n (61)
-1+G,[ax( E+V, +V,) +ay( F+W,+W,):]
6,ar | 3 8
+ n-1 it n-1 2 n—1
1+0 [a (a V2)+ (A W:)] l+02A U
[ ———0 ) (At)’,(At){]
where [I]} is the identity matrix. 1In Eq. (61), expressions
such as '
[ ([A) - [P) + [R,]) ) APV (62)
are equivalent to
(63)

[ (1a] - [P] + [R,]) "A"U)
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The left-hand side of Eq. (60) is factorized in the following

manner:

elAt a _ - az n
(LI 4 g [ (A1 - PV (R =25 (R) 71
8,At _ , Y # et An (64)
X((T) 4= 12 ((BI- (@1 [8,]) -2 (8] 7)) A"

=LHS(Eqg.60) + O[(At)?)

and the final form of the Beam-Warming Algorithm becomes

LHS[Eq. (64)) = RHS[Eq.(61)]) . (65)

The partial derivatives in the algorithm are evaluated using
second-order accurate central differences.

The Beam-Warming algorithm is implemented in the following

manner:
Step 1:
8,A¢t (66)
(11 + % (-2 ([A]-[P1+[R)) "-Z [R] ")) A"U, = RHS [61]
Step 2:
8,4t , #
([1]+ 1‘+62 [ ((BI-1Q1+15,]) "~ 1S} 7)) A"v=A"U,  (67)
Step 3:

UMt = U+ AU (68)

In Step 1, A" U, represents the remaining terms on the left-
hand side of Eqg. (64). Eguations (66) and (67) represent

systems of equations which have a block tridiagonal structure.
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For the two-dimensional compressible Navier-Stokes equations
the block matrices have a dimension of 4x4. Central
differencing is used for the second order space derivatives.
Dissipation terms for numerical stability are added.

Warming and Beam [Ref. 15] have shown that the algorithm
can be simplified by assuming that p is locally constant so
that @9un/8x=0, dn/dy=0. Then [P]-[R,]=0 and [Q]—[Sﬂ=0.
Therefore, the algorithm for 61 = I, e, = 0, implying second

order accuracy in time, obtains the following form:

(1) 48 (2 121 7 £ (R " AR U, = RS (69)

[+ 4[5 B2~ L (s17A" U= A"0, (70)

In the present work the viscous terms were treated explicitly
in order to avoid the expensive computation of the matrices R,
and SW The Beam-Warming algorithm with explicit treatment of
viscous terms in generalized coordinates (f,n) is written as
At d an, 3 gn n+l _

([I]+_2_[3(—A +?n-B ])AU =

(71)

At(-FF"-2G™+ 2R 25" = RHS™

The algorithm is further simplificd by approximately factoriz-
ing the LHS(61) or LHS(71) operator in order to avoid integra-
tion of the full two-dimensional operator. The factored form

of the algorithm is
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([11+2£8,A0,) AUP'} = RHS(61) " (22)
72

([11+458,B0) AU = AU

In practice, implicit algorithms have stability limits due to
nonlinearities. In addition, whenever discrete methods are
used to compute high Reynolds number viscous behavior, small
scales of motion appear which cannot be resolved by the
numerics. These scales are brought about by the nonlinear
interactions in the convective terms of the momentum equa-
tions. In any finite discrete mesh the small scales which
cannot be resolved, result eventually in inaccuracy and
contamination of the long wavelength, large scale phenomena.
In order to dampen the high frequency numerical effects caused
by the poor resolution of the small scales, implicit and
explicit numerical dissipation is added to complete the
algorithm. The numerical dissipation terms introduce an error
level that does not interfere with the accuracy and resolution
of any physical effects. The dissipation terms used in the
present work are the ones suggested by Ref. 15. The complete
factorized form of the numerical algorithms with the implicit
and explicit dissipation terms is

[T+ (&5) (GpA"+ (D)) P I X [T+ (LE) (8,874 (D)) 1470

(73)

= At(-dF"-3,G"+3, R"+3,5"-¢,,,,D,)
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C. THE BALDWIN-LOMAX EDDY-VISCOSITY MODEL

The Baldwin-Lomax model [Ref. 16] is an algebraic eddy
viscosity model for calculating two- and three-dimensional
separated flows. As opposed to the classical boundary-layer
approximation which assumes zero normal pressure gradient in
the boundary layer, thereby neglecting the normal momentum
equation, the Baldwin-Lomax Thin Layer model retains the
momentum equations and makes no assumptions about the pressure
gradient. The advantage of this model arises in application
to high Reynolds number, separated turbulent flows, including
reverse flow regions. The Baldwin-Lomax model is a two-layer
algebraic eddy-viscosity model and avoids the difficulty of
finding the edge of the boundary layer. The effects of
turbulence are simulated in terms of an éddy viscosity
coefficient p,, where p+p, replaces p (the physical viscosity

coefficient) in the stress terms of the governing equations.

In the model, n, is given by

(Be) y<y
pt= t! inner c (74)

(K ¢) oucer YV

where y is the normal distance from the wall and y. is the
smallest y where inner and outer values are equal. In the

inner region, the Prandtl-Van Driest formula is used:

(Pc) inner © plzlwl (75)
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where 1 = ky[1l - exp(-y'/A*)] and |w| is the magnitude of the

vorticity. In two dimensions,
ou OJv
= (= - 76
o] = (55 - 5% (76)
and
Y’= P wlisy = prtwy (77)
By B

The subscript w indicates wall values.

For the outer region

(uc) outer = KCCDPFMKEFM(Y) (78)

where K, Ccp are constants and

Fuske = Ymax Foyax for boundary layers, or
Fuske = Cuk Ymx B2 pir F sy for wakes and separated boundary
layers.

The quantities y,, and Fp, are determined from

Fly) = ylw|[1-exp(y*/a*)] (79)

The exponential term in this equation is set equal to zero for

wakes.
Fyx is the maximum values of F(y), which occurs at a
value of y = yyy. The function FKHﬂY) is the Klebanoff

intermittency factor given by

Frm(y) = [1+5.5(-meny yey- (80)
MAX
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The quantity Upy; is the difference between U = U], and

minimum total velocity at a fixed flow-wise station:
UDIF= (vu2+V2)y=yw_ (Vu2+vz)m1n (81)

where the second term is zero except in wakes.
In order to achieve agreement with Cebeci [Ref. 17], the

values determined for the constants are:

At = 26 k =0.4
C. = 1.6 K = 0.0168
Cyies = 0.3 Pr = 0.72

C i = 1.0 Pr, = 0.9

D BOUNDARY CONDITIONS

The following boundary conditions were used in the
numerical implementation. A non-slip non-penetration boundary
condition in terms of the contravariant velocity components
was used on the airfoil solid boundary. The unsteady pitching
motion was accomplished by rotating the grid about the quarter
chord point at pitch rates determined by the desired reduced
frequency. The inflow boundary was placed approximately eight
chord 1lengths away from the body surface. Therefore,
freestream conditions were specified at the grid inflow
boundary. Simple first order extr=polation was used for the
flow wvariables at the outflow boundary. For the wake,
averaging of the flow variables on the upper and lower

surfaces of the C-grid was used. The velocity on the surface
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2 > ® L4 » s
is given by us=x=0z and v_=z=-ox. The contravariant velocity

components for viscous flow solutions are set equal to O.

Therefore, the non-slip condition in terms of the physical

velocity components for moving grid is expressed by

-2 el SRES

E. GRID GENERATION

1.

Grid Generation Methods

In order to effectively compute complex flowfields, the

physical domain of interest must be discretized with a finite

mesh.
[Ref.

1,

The requirements of an efficient numerical grid are
18]):

smooth grid lines so that the transformation derivatives
(metrics) are continuous.

grid point spacing which varies inversely with expecta-
tion of large numerical errors.

minimizing grid skewness to avoid large truncation
errors.

Several general grid generation techniques exist; among these

the most common methods are:

1.

Complex Variable methods, where the transformations are
at least partly analytic; this method is restricted to
two-dimensions.

Algebraic methods, usable in two- or three-dimensions.

Differential Equation methods, usable in two~ or three-
dimensions.
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The grid generation method used in this study utilized the
algebraic grid generation technigue because of the computa-
tional efriciency anl specd il provides.

2. Algebraic Grid Generation Method

The algebraic method used employs known, easily
invertible, functions to map arbitrarily shaped regions (in
this case, the airfoil contour) into a simpler computational
domain. The airfoil surface is unwrapped to form a simple
curve in the computational plane as in Figure 6. In the
computational domain lines are first drawn normal to this
curve, and the grid points in the normal direction are
subsequently generated. In the case of airfoil grid genera-
tion, consideration must be given for the clustering of grid
points near the airfoil in order to adequately resolve the
near surface viscous layers. An algebraic function is used to
provide a uniform stretching normal to the airfoil in the
computational plane. The resulting computational domain grid
is wrapped back to the initial physical grid using inverse
transformations.

The grid generation program used in this study vielded
a 157x58 C~type grid. The program is listed in Appendix C.
Grids for the airfoils under consideration are displayed in
Figures 7-9. Figure 7 displays the global grid including wake
for the NACA 0012 airfoil. Figures 8 and 9 show the body-
fitted grid in more detail for the two modified airfoils.

Grid clustering near the airfoils is shown for resolving the
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Figure 6. Airfoil Grid Unwrapping

boundary layer flow in turbulent and separated flow condi-

tions.
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IV. RESULTS AND DISCUSSION

A. INVESTIGATION METHOD

Two-dimensional unsteady flows involving both harmonically
oscillating and rapidly pitching (ramp pitch-up) airfoils were
investigated. Studies for the oscillatory cases were conduct-
ed using the NACA 0012 airfoil in order to enable comparisons
with previously conducted experimental measurements. Flows
over all three airfoils rapidly pitched from 0° to 30° angle
of attack with the reduced frequencies and Mach numbers (shown
in Table 2) were subsequently investigated.

TABLE 2. RAPIDLY PITCHING AIRFOIL CASES, Re = 4 X 106

AIRFOIL 0.3 Mach 0.4 Mach
k=.01 k=.02 k=.01 k=.02
NACA 0012 X X X X
NACA 0012-63 X X X X
NACA 0012-33 X X X X

Solutions for +the harmonically oscillating NACA 0012
airfoil were obtained for flows at a freestream Mach number of
0.3, Reynolds number based on the root chord Rec==4x106 and for
two reduced frequencies of k=0.1 and k=0.2. The reduced
frequency is defined as k=¢c/2U, for the oscillatory case
where a(t)=a, + a,sin(et). In terms of nondimensional quanti-

ties k is given by k=¢/2M,, and &(t)=a, ewcos(et) is the
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instantaneous pitch-up rate which varies during the cycle with
0=2kM, for a unit chord length. The present computations were
conducted for a variation of the angle of attack as w(t)=10°+
6sin(t). Experimental test conditions for the same freestream
Mach and Reynolds numbers were for e¢(t)=10°+ 5sin(t). Because
the airfoil stalled just at 15° for the experiment, the
computed flow for the same conditions did not vield a
hysteresis loop. Therefore, as McCroskey suggested, the
oscillation was increased by one degree and a hysteresis loop
was obtained. The computed 1lift behavior shown in Figures 10
and 11 exhibits the well-known hysteresis loop of a harmoni-
cally oscillating airfoil experiencing dynamic stall. The
computation was initiated from a steady-state solution at a=5°
and was carried out for two cycles. Figures 10 and 11 display
the results of the second cycle from the two-cycle computa-
tion.

Flow solutions for a rapidly pitching airfoil were
obtained by pitching the airfoil at a constant rate from a
zero angle of attack and steady-state flow conditions to an
angle of attack of 30° at the desired reduced frequency and
freestream Mach nu: -=r. For the case where ramp motion was
imposed, the reduced frequency k is given by k=é&c/2U, where &
is the constant pitch-up rate. In terms of nondimensional
quantities k=¢/2M,, or w=2kM=constant, and a(t)=a3+(a{-ac)mt,

where in this study a0=0° and «=30° and e=&(t). A summary of
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the computed results for the rapidly pitching airfoils is
provided in Table 3.

TABLE 3. PEAK LIFT COEFFICIENTS

[ |
AIRFOIL Mach Reduced Peak Angle of
No. Frequency C, Attack
0.3 .01 1.90 19.40°
N0OO12 .02 2.10 23.40°
0.4 .01 1.97 21.08°
.02 2.24 25.21°
0.3 .01 1.84 18.50°
N0012-63 .02 2.09 23.00°
0.4 .01 1.93 20.60°
.02 2.22 25.00°
0.3 .01 1.65 15.80°
NO0O12-33 .02 1.94 19.60"
0.4 .01 1.74 17.10°
.02 2.09 23.15°

A general observation on the computed solution is that the
modified NACA 0012-63 airfoil exhibited comparable 1ift
behavior to the baseline NACA 0012 airfoil. A slight angle of
attack versus 1lift curve shift was observed between the two
airfoils at all reduced frequency/Mach number combinations.
However, for the same flow parameters the NACA 0012-33 airfoil
consistently underperformed the larger leading edge radius
airfoils. The difference in the unsteady lift behavior with
increasing angle of attack resulted from the different flow
character at the leading edge region as will be shown later in
detail. In the following sections, detailed comparison of the
lift behavior of the three airfoils 'is presented at the

various flow conditions. The flow characteristics and the
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development and progression of the dynamic stall process are
examined. The effects of reduced frequency and freestream

Mach number are also discussed.

B. LIFT BEHAVIOR
1. Harmonically Oscillating Airfoil

Although  hysteresis loops characteristic ¢ an
oscillating airfoil undergoing dynamic stall were observed for
reduced frequencies of both 0.1 and 0.2, agreement with
experimental results varied. At a reduced frequency of 0.1,
the response agreed well with McCroskey's experimental results
(Figure 10) during the upstroke. Maximum lift coefficient was
1.52 at an angle of attack of 15.8°. The 1ift behavior
continues to agree well with the experimental data during the
upstroke of the hysteresis loop and during the initial part of
the downstroke. As the downstroke continues and the flow
reattaches, however, the numerical solution displays signifi-
cantly greater oscillations in 1lift coefficient compared to
experimental data, which were obtained as an average over
several cycles of oscillation.

At a reduced frequency of 0.2 (Figure 11), the numeri-
cal solution exhibited a much smaller hysteresis loop than the
respective experimental data. In this case, maximuam 1l1ift
coefficient in the numerical sclution occurred just prior to

the downstroke, so that flow reattachment occurred almost
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immediately. Maximum 1l1lift coefficient at k=0.2 was only
slightly higher than at the k=0.1 case.

The lack of agreement with experimental data at a
reduced frequency of 0.2 and during the flow reattachment
process at k=0.1 may be indicative of the poor behavior of the
eddy-viscosity model (which is suitable for steady flows).
Higher values of the reduced frequency resulted in larger
discrepancies from the measured 1lift values.

2. Rapidly Pitching Airfoil

Lift coefficient vs. angle of attack comparison of the
three airfoils is presented in Figures 12-15 for the Mach
number /reduced frequency combinations listed in Table 2. For
the same flow parameters, all three airfoils have nearly the
same lift curve slope until the onset of dynamic stall. Along
with the aforementioned angle of attack shift of the 1ift
curves between the NACA 0012 and -63 airfoils after stall
occurs, the peak lift coefficients for the NACA 0012 airfoil
are slightly higher than for the -63 airfoil. The peak 1lift
coefficient for the NACA 0012 occurred 0.2 to 0.9 degrees
angle of attack higher than the peak C, for the -63 airfoil
for the same flow conditions. With both airfoils having the
same leading edge radius, the small difference in performance
may be attributed to the slightly thicker contouring of the

forward part of the baseline NACA 0012 airfoil (Table 1).
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The maximum 1lift coefficient obtained with the NACA
0012-33 airfoil was lower than that obtained with the other
two airfoils and occurred at 1.8 to 4.0 degrees lower angle of
attack. At a reduced frequency of k=0.01 and freestream Mach
number of 0.3, the initial leading edge vortex originated at
an angle of attack of 12° for the -33 airfoil. Under the same
flow conditions, formation of the vortex occurred at 17° and
16.5° for the baseline 0012 and -63 airfoils, respectively.
Similar differences occurred at all other flow conditions
investigated. The smaller leading edge radius of the NACA
0012-33 airfoil promoted earlier development of the dynamic
stall vortex from the leading edge upper surface.

As will be shown, the dynamic stall vortex originates
as a result of tic combination of the accelerated flow over
the leading edge with the boundary layer reverse flow behind
the leading edge. An adverse pressure gradient is encountered
by the flow as it passes the suction peak just downstream of
the airfoil leading edge. This adverse pressure gradient
causes flow deceleration just aft of the suction peak, leading
eventually to the boundary layer separating at a critical
value of the adverse pressure gradient. The momentum of the
flow, however, is increased as the flow accelerates around the
leading edge and opposes the tendency of the flow to separate.
Eventually, depending on the airfoil shape characteristics,
the boundary layer separates, reversed flow occurs, and

combines with the freestream to form the leading edgc vortex.
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As observed in this investigation, the size of the
leading edge radius is of primary importance in determining
the angle of attack at which the boundary layer separates and
rolls to form the dynamic stall vortex. For the same flow
parameters and angle of attack during pitch-up, the critical
pressure gradient for flow separation occurred earlier on the
airfoil with smaller leading edge radius (NACA 0012-33).
Stated otherwise, at a given angle of attack during pitch-up,
the adverse pressure gradient aft of the suction peak is
greater for the smaller leading edge airfoil.

The contouring of the forward part of the airfoil is
of secondary importance in alleviating development of the
adverse pressure gradient. The effect of contouring is
indicated by the slightly earlier development of leading edge
reverse flow on the NACA 0012-63 airfoil compared to the
baseline 0012 airfoil.

In summary, enlarging the 1leading edge radius and
thickening the contouring of the forward part of the airfoil
results in decreasing the adverse pressure gradient encoun-
tered by the flow, with resulting delay in separation. This
is shown graphically in Figures 16-20 where instantaneous
streamlines are shown for the three airfoils at the same 17°
angle of attack, 0.4 Mach, and k=0.01. Reversed boundary
layer flow has just begun on the NACA 0012 airfoil aft of the
suction peak, whereas initiation of the dynamic stall vortex

has already occurred on the NACA 0012-63 airfoil which has
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thinner contouring. The NACA 0012-33 airfoil with the small
leading edge radius has a fully developed dynamic stall vortex
and 1is 0.6° angle of attack prior to dynamic stall. A

detailed discussion of the vortical flow development follows.
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Figure 16,




Leading Edge Instantaneous Streamlines, NACA 0012,
M=0.4, k=0.01,

Figure 17.

«=17"°
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NACA

Leading Edge Instantaneous Streamlines,

0012-63, M=0.4, k=0.01, a=17°

Figure 19.
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Figure 20. Instantaneous Streamlines, NACA 0012-33, M=0.4,
k=0.01, «=17° .
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C. VORTEX FLOW DEVELOPMENT
1. Rapidly Pitching Airfoil

The development of the vortical flowfield as the angle
of attack is increasing follows a consistent, general seqguence
of events. This sequence of events regquires examination of
the variation of several flow gquantities as angle of attack is
increased. Figures 21-33 illustrate the flow development
stages using the velocity vector field, the pressure, and
vorticity field contours for the NACA 0012-63 airfoil at M=0.4
and k=0.01. Figures 34-47 display the associated surface
pressures and temperatures of the developing flow.

Initially, smooth streamlined flow is observed over the
airfoil 1leading edge (Figures 21-22). As angle of attack
increases beyond a certain critical 1imit depending on
pitching rate, freestream Mach number, airfoil shape, and
Reynolds number, small reverse flow regions develop on the
upper surface aft of the suction peak and forward of the
trailing edge due to the adverse pressure gradients encoun-
tered by the flow. Figure 23 shows the reversed boundary
layer flow near the airfoil surface. Figure 24 displays the
developing leading edge vortex.

The developing vortex forms on the upper surface just
aft of the leading edge as a result of the combination of the
accelerated flow near the suction peak and the reverse flow
«t aft of the suction peak. It is observed that the dynamic

-

stall vortex initiates as a separated flow bubble, and rapidly
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grows in size to form the characteristic leading edge dynamic
stall vortical structure as the angle of attack increases.
During this initiation process the primary vortex has a oval
shape and becomes more rounded as the angle of attack increas-
es. Figure 25 shows the oval dynamic stall vortex taking
shape. Figure 26 displays the relative strength of the
developing vortex.

The vortex grows in size and strengthens, becoming
approximately circular as angle of attack increases, and moves
away from the airfoil. Figure 27 shows the development of the
vortex as it moves downstream. Passage of the dynamic stall
vortex over the airfoil surface induces reverse velocities and
significantly contributes to the development of reversed
flows. A secondary vortex originates near the leading edge
and also grows as angle of attack increases. Figures 28 and
29 show the development of a secondary vortex as the primary
vortex moves downstream and promotes reverse flow over the
whole upper airfoil surface.

At the trailing edge, flow separation is initiated
at approximately the same time as at the leading edge, and a
rressure gradient exists between the lower and upper surfaces.
The upper surface reverse flow combines with the high pressure
flow from the lower surface to form a counter-clockwise vortex
at the trailing edge shortly before dynamic stall occurs.
Figures 30 and 31 show the developed trailing edge vortex 0.6°

angle of attack before peak 1ift coefficient is obtained. As
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the primary vortex grows and moves downstream past approxi-
mately 60-70% chord, dyvnamic stall occurs, usually accompanied
by dJdevelopment of a small, tertiary vortex at the leading
edge. Figures 32 and 33 display the position of the dynanmic
stall vortex 0.4° angle of attack after attainment of peak
Jift coefficient.

By this time, the primary vortex is centered at a
distance greater than the airfoil maximum thickness from the
airfoil and combines with lower surface high pressure flow to
energize the counter-clockwise vortex at the trailing edge.

With further increase in angle of attack, the airfoil
enters the deep stall regime, and the freestream flow has no
effect on the upper surface flow characteristics. In this
case, the aerodynamic behavior of the airfoil is greatly
determined by the vortical flow field formed by the shed
vortices, and the strength of the vortices themselves deter-
mine the flow over the upper surface. Figures 48 and 49 show
the NACA 0012-33 airfoil in deep stall at 0.3 Mach, k=0.02,
¢=22.0° and demonstrate that the vortices can combine to form
a large vortical region and entrain other secondary flows. In
this case a counterclockwise vortex was formed between the

paired primary and secondary vortices and the airfoil.
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Figure 22. Vorticity Contours, NACA 0012-63, M=0.3, k=0.01,
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Figure 24. Vorticity Contours, NACA 0012-63, M=0.4, k=0.01,
«=16.0"° .
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Figure 26, Vorticity Contours, NACA 0012-63, M=0.3, k=0.01,
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Figure 29. Vorticity Contours, NACA 0012-63, M=0.4, k=0.01,
a=19.0° .
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Figure 31. Vorticity Contours, NACA 0012-63, M=0.3, k=0.01,
«=20.0°
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Figure 33. Vorticity Contours, NACA 0C12-63, M=0.4, k=0.01,
®«=21.0° :
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Figure 36. Surface Pressure, NACA 0012-63, M=0.4, k=0.01,
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Figure 41. Surface Temperature, NACA 0012-63, M=0.4, k=0.01,
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Figure 42. Surface Temperature, NACA 0012-63, M=0.4, k=0.01,
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Figure 44. Surface Temperature, NACA 0012-63, M=0.4, k=0.01,
¢=18.0°
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Figure 45. Surface Temperature, NACA 0012-63, M=0.4, k=0.01,
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2. Harmonically Oscillating Airfoil

The process of vortical flow development at the leading
edge during the upstroke is similar to that of a rapidly
pitching airfoil examined in the previous section. Although
the pitching rate is not constant in the case of the harmoni-
cally oscillating airfoil, boundary layer separatinn and
vortex development and shedding also occur during the up-
stroke.

The flow reattachment process during the downstroke
involves the shedding of the large primary vortex into the
wake and the diminishing intensity of the +trailing edge
vortex. Prior to the downstroke, the combination of the large
clockwise primary vortex and the counter-clockwise trailing
edge vortex cause extensive reverse flow, even outside the
boundary layer, over the airfoil upper surface aft of 30%
chord (Figure 50). As the angle of attack decreases further,
flow over the leading edge upper surface rapidly reattaches,
while the primary vortex is centered above the trailing edge
(Figure 51). With further reduction in angle of attack, the
primary vortex moves downstream of the airfoil, and the
trailing edge vortex diminishes (Figure 52). Reverse flow at
this time exists only on aft portions of the airfoil. As the
angle of attack approaches 10-11°, the primary vortex has been
swept downstream, the trailing edge vorfex has diminished, and

©
i

smooth, attached flow is established over the upper suriace

(Figure 53).
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Figure 51.

Velocity Field, NACA 0012, M=0.3,
downstroke

93

k=0.1,

«a=13.0°




—_———

VELOCITY COLORED BY PRESSURE

i
'§
1
[
| o8
£
88§
|8 F ¥
|
|
!
f
)
i
|
|
|
| ]
| {
!
f f
' i
! !
! |
‘ !
: f
' |
f {
| !
’ ]
f i
i i
| | k
i ! |
{ ! {
| ! |
t | :
| l
\ \
[
| {
|
}
\
f
}
Figure 52.

i § | \ Vo
Ci
!él { o, Hll“.imm,“ i
-8 | i | i v IHHM-,‘““IH! by
: ; I U R ’ 'um.nm“‘i' !
{ { : : oo, ’”I..mﬂli{ ' {
_2 i 1 | " by ’II"“"‘ﬂ””f!' t i |
3 | I R "*‘m”,“'i |
T ! [ Y «',,':"4lmn¢," by !
J R I v—/ T
| O v Ml
{ o 4 (]! { !
' Lo HEEN
' ! oo N
I | Lo x Vo, N
b Pvae,, pe b
! / / f{’“' i ! | t |
! S I gy 0
f L R Y TITHEN ;o]
{ t { T "f!uf‘ Hig, oy ’ } |
( ooy t
f bbby,
| ooy,
| T R B R AV P
| P g
| A NN
S A R R RN
R R R R
N A A
N B T
[ (or T i
b NN
l {4
ol
A N R
A N L
! [
N N R
| [ !' fffﬁﬁﬁ;
I

Velocity Field, NACA 0012, M=0.3, k=0.1, a=11.0°
downstroke

'3y

W




—

™ ~—VELOCLIV COLORED Y PRESSURE

t g
| u-mm”,,f |
l |
{
| 5 E ' !
, g fo !
! | | |
f e, by
{ { {
¢ [ ] f || !
r 8 toyo b
K e Ly by !
52 ty ] !
o~ I | f {
{ P { {
{ { {
{ } {
{ ! | | { i
! ! \ { | !
toy ! ]
! P B i
! Py ! |
{ b, { {
J toyo f !
f | | ) { I l
i } l | ! {
{
i [ { i { ! {
! { { ! !
f : f |
{ {
{ ! | | [
f !
| { {
f
{ i
| } | J
{ f
{ | ! { {
{ { { ;o ! {
{ | { ;! ! {
| ( f ;! ! { |
] ‘ | f | | \
| f ! 1 {
{
{ { { :
| . |
J t { i
! { f ! ! !
I !
, { ! | | !
| } | ! ( ]
\ by l |
{
i ! t i ‘ |
{ } ‘\ { | ; |
’ p ‘ | f
‘ \ 5 \ | ! !
_‘\ z El | { {
| " §§§J§ I ' | !
\ \ m:‘\* <k |
sWas oo ! ! I \
! § \ \\ “ ' \ \
Figure 53. Velocity Field, NACA 0012, M=0.3, k=0.1, a=10.0°
downstroke




D. REDUCED FREQUENCY EFFECT

Al a given Mach number the three airfoils exhibited higher
peak lift coefficients at respectively higher angles of attack
at a redvced freguency of k=0.02 when compared to tnat of
k=0.01. Lift curve slopes for a given airfoil at the two
reduced frequencies were nearly identical to the point of
initia® flow separation and subsequent dynamic stall at
:=0.01. Lift coefficient at k=0.02 continued increasing,
showing the increase in unrsteady 1l1ift with higher pitching
rate. The effect of increasing the reduced freguency at a
freestream Mach number of 0.3 is shown in Figures 54 and 55
for the NACA 0012 and NACA 0012-33 airfoils, respectively. At
the higher reduced frequency oi 0.02, formation of the primary
vortex occurred at angles of attack 0.7° to 1.6° higher than
at a reduced frequency of 0.01 in all cases., As a result, the
entire vortical flow development was delayed to progressively
higher angles of attack. Dynamic stalling angle occurred 4.0°
tn 4.8° higher at the higher reduced frequency and ihe
resulting peak lift coefficients were 15-20% higher compared
to the k=0.01 cases (Table 3).

Experimental work by Chandrasekhara and Carr [Ref. 3]
using the NACA 0012 airfoil demonstrated the same trends,
wherein a higher rednced frequency resulted in retaining the
vortex above the airfoil to higher argles of attack, thereby

delaying dynamic stall.
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The effect of the increased pitching rate in delaying the
onset of dynamic stall and increasing the unsteady lift may
prove to be of practical coperational benefit as knowledyge of

the details of the flow development increases.

E. EFFECT OF FREESTREAM MACH NUMBER

The effect of increasing freestream Mach number from 0.3
to 0.4 resulted in slightly displacing the lift curve upward
for the higher Mach number. The slope of the lift curve was
unchanged. However, for a given angle of attack, a very
slight increase in 1lift coefficient was observed at the higher
Mach number before the onset of dynamic stall. Figures 56 and
57 show the effect of increasing Mach number for the NACA 0012
and 0012-33 airfoils at a reduced frequency of k=0.02. Flow

at a Mach number of 0.4 resulted in slightly higher peak Jift

coefficients than at M=0.3. In addition, the peak 1ift
coefficient at M=0.4 occurred 1-2° higher angle of attaclk than
at M=0.3.

The initial development of reverse flow regions and
vorticity was largely independent of Mach number for a given
airfoil in that the primary vortex originated at approximately
the same angle of attack for the two Mach numbers. Subsequent
growth of the primary vortex and development of the secondary,
tertiary, and trailing edge vortices are delayed to slightly
higher angles of attack at M=0.4 compared to the M=0.3 case.

As a result, dynamic stall occurs at a higher angle of attack.
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Elraterinaris [Ref. 11] found that for the SSC-a90 airfoil
with 9% thickness ratio, increasing Mach number from 0.2 to
0.4 resulted in decreasing both lift coefficient and dynamic
stalling angle of attack at a reduced frequency of 0.01. The
experimental work by Chandrasekhara and Carr [Ref. 3] using a
harmonically oscillating NACA 0012 airfoil also showed that
increasing Mach number reduces the angle of attack at which
dynamic stall occurred. Further experimental and computation-
al investigation is required at comparable pitching rates to
ascertain the accuracy of the computational model used at
compressible flow Mach numbers. Further investigation into
the influence of airfoil thickness ratio on Mach number

effects is needed.

F. PRESSURE GRADIENT AT FLOW SEPARATION

The peak pressure gradient observed at initilal flow
separation occurring aft of the leading edge was investigated
for the three airfoils at the reduced frequencies and Mach
numbers listed in Table 2. Figure 58 displays a plot of
streamwise pressure gradient along the airfoil chord for the
NACA 0012-63 airfoil at different freestream conditions. The
figure shows that, for the same airfoil, the peak pressure
gradient encountered by the flow at initial flow separation is
independent of freestream speed or pitching rate. Similar
results were obtained for the other airfoils. Figure 59 shows

the streamwise pressure gradient for the NACA 0012-33 airfoil.
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Figure 60 displays pressure gradients at initial flow
separation angle of attack for the three airfoils at the
freestream condition of 0.4 Mach and reduced frequency of
k=0.01. The peak pressure gradient observed at the instant of
flow reversal was higher for the NACA 0012-33 airfoil than for
the airfoils with larger leading edge radius. Similar results
were obtained at other freestream conditions. The streamwise
location of the peak pressure gradient for the NACA 0012-33
airfoil was slightly upstream of that for the NACA 0012-63
airfoil as shown in Figure 61, The higher peak pressure
gradient observed for the NACA 0012-33 airfoil is an indica-
tion that flow momentum near the surface is higher around the
smaller leading edge radius. The higher flow momentum
combined with tlLe relatively upstream location of the peak
pressure gradient and sharper flow turning angle combined to
cause the magnitude of the peak pressure gradient for the NACA
0012-33 airfoil to be 33% dgreater than that of the NACA
0012-63 airfoil. Thus, the critical pressure gradient
regquired for flow reversal 1is dependent on Jleading edge
radius, in that a smaller leading edge radius increases the
peak pressure gradient at flow reversal.

Tne streamwise location of flow separation is, in turn,
dependent on the location of the peak pressure gradient. The
actual location of flow reversal on the airfoil surface
occurred 1.0-1.5% chord length downstream of the location of

the peak pressure gradient as shown in Figure 61. This delay
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is attributed to the time lag in the aerodynamic response to
the rapid increase 1in pressure gradient. The more downstream
location of the peak pressure gradient of the NACA 0012-63
airfoil caused a similar relative location of the position of

initial flow reversal compared the NACA 0012-33 airfoil.
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A.

B.

V. CONCLUSIONS AND RECOMMENDATICNS

CONCLUSIONS

The results of the unsteady flow so'utions displayed good
agreement with the experimental re nlts for the harmoni-
cally oscillating airfoil at a reduced frequency of 0.1
and Mach number of 0.3. At a higher reduced frequency of
0.2, however, *hie agreement with experimental results was
poor during the downstroke.

The leading edge geometry of an airfoil was found to hLave
a significant effect on the development of the vortical
flowfield and dynamic stall characteristics of the
airfoil. Of primary importance is the size of the
leading edge radius. A larger leading edge radius delays
development of the adverse pressure gradient necessary
for boundary layer separation and eventual vortex forma-
tion. Of secondary importance is the contouring of the
airfoil aft of the leading edge. Thicker contouring
forward of “he location of maximum thickness contiributes
to delaying flow separation.

The effect of increasing the pitching rate of the airfoil
is to enhance unsteady lift by delaying vortex formation
to a higher angle of attack. The flow solutions present-
ed in this study on the effects of reduced freguency are
in good agreement with trends observed in experimental
work.

The streamwise pressure gradient required for flow
separation is a function of airfoil leading edge radius
and 1is independent of reduced frequency or freestream
speed.

RECOMMENDATIONS

Conduct further experimental and computational investiga-
tions to compare Mach number effects on flow development
and dynamic stall. The investigations should be conduct-
ed at comparable Mach and Reynolds numbers.

Investigate the effect of airfoil thickness ratio on
dynamic stall.
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The understanding of harnessing the unsteady 1lift
generated by rapidly pitching airfoils is only part of
the knowledge required for practical implementation.
Further investigations must include examining pitching
moment development and how to minimize the adverse
pitching moments produced.

Conduct further computational work at higher reduced

frequencies and Mach number to check the validity of
using this eddy-viscosity model at those flow conditions.
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APPENDIX A - USING THE PROGRAM

A. THE NAVIER-STOKES CODE FOR GENERATING FLOW SOLUTIONS

The main program NSE2D (listed in Appendix B for refer-
ence) reads inpul data as supplied by the input file NSE. id,
the grid files fort.11 or fort.21 as appropriate, and the flow
file fort.31. The program forms the metrics and the Jacohian
Iy calling the METRIC subroutine. After calling the £LPS
gubroutine to perform the computations, the main program
cutputs the rotated grid and the flow solution to the file
re1t.20, and outputs the data of 1ift, drag, moment and
pressure coefficients, time, angle of attack, and rotational
frequency to the loads file fort.3.

The subroutine SLPS is the primary subroutine, and it
calls other subroutines to perform the steps in the ADI

algorithm. The major subroutines that SLPS calls are:

Subroutine Function e

MATRIX1,MATRIX?2 Form block tridiagonal matrices fou the §
and y directions

AMAT1, AMAT2 compute coefficient matrices JF/4f and
oG/dn

STRESS supplies the viscous terms

DISSIP adds fourth-order dissipation terms to

the right-hand side of the Navier-Stokes
Equations

EXFBC applies boundary conditions
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RES1 computes residuals from inviscid part of
equations
EDDY applies Baldwin-Lomax model

B. DIRECTIONS FOR EDITING INPUT FILES FOR THE PURPOSE OF

GENERATING FLOW SOLUTIONS

1. Generating a Grid

Initially, a grid must be generated as described in

Chapter III in order to compute the flow about the airfoil in
question. For this, it is necessary to use the AIRFGR.F
pErogram. With the rectangular coordinates of the desired
airfoil, edit the input file AIRFGR.IN using the "ex" or the
"vi" editors. Ensure that enough points are defined in
regions of high curvature such as the leading edge regions.
Then ensure that no fort.21 file exists by renaming or
deleting it. At this time, run the grid program by typing

AIRFGR < AIRFGR.IN
After the program has run, ensure that the grid is satisfacto-
ry by running FLOT3D. It may be necessary to define more
coordinate points to ensure leading edge radius definition,
upper or lower surface curvature, or trailing edge closure.
Accuracy of trailing edge closure will determine wake thick-
ness. The AIRFGR.F program is 1listed in Appendix C for
reference.

2. Rotating a Grid

The grid generated in part 1 is for a zero degree angle

of attack. Often it is desired to compute a steady flow or to
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start an unsteady flow at an AOA other than zero. 1In order to
do this the ROTGR.F program must be used. It is necessary to
edit the ROTGR.F program and set the desired rotated grid
angle by changing the ¢l value in line 10. After the program
has been edited, then:

1. Compile ROTGR.F by typing "cf77 rotgr.f".

-

Compiling ROTGR.F results in an output file named a.out.
Move a.out to rotgr by typing "mv a.out rotgr".

3. Execute the program by typing "rotgr".

4. The output file produced by rotgr i1is fort.12. It
contsine the desired grid rotation. Copy fort.1” to
fort.11 or fort.21 as necessary for future flow solu-
tiony.

The commands within the quotation marks should be typed, not
"L yuotation marks themselves. Upper and lower case are not
Important.

3. Steady-State Solutions
Ensure that the grid is rotated to the desired angle
of attack of the flow solution (part 2). The rotated grid
shevld be copiled to the file fort.21. The fort.21 {il2 nust
have the grid rotated to the desired angle of attack tor the
s*eady-state solution!
Modify the NSE.IN file as follows:
line 2:
~ set desired computational time interval (DT)
- set ALFA, ALFAI, ALFAl to zero

- set REDFRE to desired reduced frequency
- set AMINF to desired Mach number

line 8:
- set number of time steps (ISTP); usually 3000 are neces-
sary for convergence at ACOA#0. In order to run interac-
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tively and not exceed time limit, set ISTP=1000 and run
three times.

line 10:
- ensure that XREF=0.25
- set TSHIFT=0.0
- set REYREF to desired Reynolds number
line 14:
- For initial run, set RESTART OSCIL RAMP as FALSE TRUE
TRUE. To restart (2nd and 3rd runs), set TRUE TRUE FALSE
line 22:
- Set time to 0.0 for 1st run. Set to preceding run time for
restart.
To run interactively and observe output as it develops, type:
NSE < NSE.IN
To run in the background, type:
NSE < NSE.IN > NSE.OUT
When the run is finished the last time step solution will
consist of grid and flow solutions in file fort.20. It will
be necessary to separate the grid and flow solution to restart
the second run. The command "SPLIT20" will move the grid
sclution to fort.11 and the flow solution to fort.31, and will
display the final run non-dimensional time. When restarting

the second run, modify NSE.IN line 14 to RESTART=TRUE. A

restarted solution uses grid file fort.ll and flow file

fort.31. Set +time in NSE.IN to time specified for the
previous run when SPLIT20 was executed. Execute the next run
by the desired method as before.

After convergence, save the grid and flow files

(SPLIT20 to fort.11 and fort.31).
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4. Unsteady Solutions
Both oscillatory and ramp (constant pitch rate)
solutions can be obtained by the NSE.F program. One must
ensure that the desired steady state initial angle of attack
grid and flow solutions are obtained. The input file NSE.Ti is
modified as follows:
line 2:
- set time interval, freestream Mach number and reduced

frequency, where k=4c/2U, for ramp solution and
k=wc/2U, for oscillatory solution.

- For ramp response: set ALFAI to steady-state initiail
conditions; ALFA, ALFAl are unused.
For oscillatory response of form a=ee-~in(et), set

ALFA~a-., ALFAl=a., ALFAI=(g «.) since response will start
2t min .

lJine 8:
- set ISTP 6000-12000 depending on 1length of response
desired.

line 10:
- «et REYREF to desired Reynolds number.
- set XREF=0.25
set TSHIFT = -0.5 so that response starts At min a which
is 1/4 cycle (-n/2 time shift as a=¢, + @¢. sin(ot-n, 2} )
from mean w«. ’

line 14:
- set RESTART to TRUE
- set OSCIL to TRUE for oscillatory response (else FALSE)
- set RAMP to TRUE for ramp response (else FALSE)

line 19:

- Program flow solution outputs can be selected for various
angles of attack desired. Select desired AOA solutions
by listing them multiplied by 100 (i.e. 11 degrees as
1100). The outputs are listed as files fort.61 through
fort.72.

line 2z

- Set time to 0.0 for initial run. For restart set time to
the fort. 20 output from the last timestep of the last run.
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Run the program by submitting it as a job to the gueue
by typing "gsub -1t 7200 subunst”. . The subunst file is a
command file which will order the steps for the Cray when the
job number comes up in the gqueue. With at least 1 1/2 hours
in computation, go run 5 miles, eat lunch, or play with the
kids. Upon returning, check on queue status by typing "mgs".
If no entries, the run is finished and you can split the
output files and continue, if desired.

Any of the output files fort.61 through fort.72 and
fort.20 can be split into grid solutions and flow solutions
for further analysis. Fort.20 file must be split to continue
the response at further angles of attack, and to use the run
time as the next run NSE.IN input in line 22. For continuous
ramp or oscillatory responses, it is not necessary to reset
ALTA, ALFAI, ALFAl, or RESTART; it is only necessary to reset
desired AOA solutions to be recorded (line 19) and the time.

5, Example

As an example, to run an oscillatory solution for
¢=.0+7sin(t), it is necessary to get a steady flow solution at
«=3° (3=10-7). The grid developed for the airfoil must be

rotated to 3° using the ROTGR.F program and input to feort 27.

At this time a steady-state solution is obtained by modifying

NSE.IN with the following inputs:
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ALFA 0.0

ALFAI 0.0

ALFA1 0.0

REDFRE as desired

AMINF as desired

TIME 0.0

RESTART OSCIL RAMP FALSE TRUE FALSE
XREF 0.25

TSHIFT 0.0

Run the program by typing " NSE < NSE.IN ( >NSE.OQUT) "

After 1000 timesteps, issue the command SPLIT20, so that the
files fort.11 and fort.31 will be opened. Edit NSE.IN with
the SPLIT20 time and set RESTART=TRUE. Run the program again,
and then a third time, ensuring convergence (in lift coeffi-
cient, drag coefficient, etc.) Save the final fort.11 and
fort.31 files.

Then, modify NSE.IN as follows

ALFA 10.0

ALFAI 3.0

ALFA1l 7.0

ISTP 6000-12000

TIME 0.0

RESTART OSCIL RAMP TRUE TRUE FALSE
XREF 0.25

TSHIFT ~0.5

ja1. ia2, ... ial2 as desired

Run the program by issuing the command "gsub -1t 7200
subunst", After completion, save the output files (fort.é61
through fort.72) and fort.20. Do a SPLIT20, note time and
AOCA, then input TIME into NSE.IN for further runs.

Graphs of the output files may be obtained by using the
piot program PLOT3D. Observe output files (for example

fort.65) and graph by typing the commands: "split" and then on

119




the next line "65". Outputs will be in files fort.11 (grid)
and fort.31 (flow) which are read into the PLOT3L input.
A typical NSE.IN file for the unsteady solution of the

example proulem at k=0.02 and M=0.4 would be as follows.

IMAX KMAX DT WW ALFA ALFAl ALFAI REDFRE AMINF
157 58 0.005 2.00 10.00 7.00 3.00 0.02 0.40
ISPEC (FLAG FOR CHOOSING DIFFERENT SPECTRAL RADIUS)
3
WW2X, WW2Y, WW4X, WW4Y (EXPLICIT DISSIPATION COEF. FOR X AND Y)
0.00 0.00 0.030 0.030
ISTP NPER NOUT RES STRUNST
9000. 18000. 1000. 100. 0.
REYREF DMIN XREF TSHIFT
4.00 0.00002 0.25 -0.5
TSTARI1
-1.0

RESTART, MULTIGRID OPTIONS SPECIFIED IN THE NEXT CARD
TRUE TRUE FALSE
CIRCOR ( CIRCULATION CORRECTION)

TRUE
31 127

ITEL ITEU

0300 0400 0500 0600 0700 0800 0900 1000 1100 1200 1300 1400
ial ia2 ia3 iad4 ia5 1ia6 ia7 1ia8 1ia9 ial0 iall ial2
TIME

0.0
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SOURCE PROGRAM DATE 1/20/90 | PACE#
nse2d.f TIME  §1:46:04 am 1

EEETEGEE L
SOURCE TEXT
CFe ot R AN Pttt TR NI T IR AR TP AN OI RIS AN NAEFAG OO RN AT P OGO RACA NSO
C* .
C* MAIN PROGRAM *
41 ce .

NI Ot IR R P P e C NN R SR G AN NN GAE IR LR NSPINANRRA G CEARA N PO P AR Ak PP OO NRE Y
PROGRAM NSFMAIN
PARAMETER (1X=180,kx=60)
COMMON/SURE/PSUR(1IX)
COMMON/F1IX/OMEGA , BDOT
COMMON /MUTUR/CMU{IX,KX)
COMMON/SKINCF/CF(IX)
COMMON/GRID1/X(1X,KX),Z(IX,KX)
COMMON /PAR/GAMMA , REYREF , ALFA, ALFAl , REDFRE , AMINF , ALFAI

|4 <OMMON/DGFID /1T, IMAX, KMAX , ITEL, ITEU
COMMON/GRD/YACOB(IX KX}
[ COMMON /DAMP/NW , WNT , NW2X , KW2Y , NWAX , WH4Y

COMMON /FLU%/Q1 (1X,KX},Q2(1X,KX),Q3(IX,KX),Q4 (IX,KX)
COMMON/MTRIX/ XIX(1X,KX),XI2(IX,KX),ZETAX(IX,KX),ZETAZ(IX, KX)

) 1 ,XIT(IX,EX),2ETAT(IX,KX)

i COMMON/PLOT/TITLE(10) ,NSTPT,RESD(3000) ,RES,CLE(3000),CDPH(3000)
DIMENSION DRHO(IX,KX)

COMMON/INITI/UINF, VINF

COMMON /BC LOG/CIRCOR

COMMON /LOG1C/RSTRT, PITCH, RAMP

5 LOGICAL CIRCOR

6 LOGICAL RSTRT,PITCH,RAMP
7 CHARACTER ITITLE*80

28 COMMON/TITL/ITITLE

9 COMMON/L2NORM/ RESDL2{10000)
0 PI ~ 4. * ATAN(1.)

C
Ctesas PROGRAM SOLVES TWO-DIMENSIONAL VISCQUS FLOW PAST ARBITRARY
Cre+ GEOMETRIES USING ADI PROCEDURE.

41cC
21€C TAPES = FILE CONTAINING INPUT DATA
c TAPE6 = OUTPUT
c TAPES = FILE TBAT SAVES THE FLOW FIELD AT THE END OF A RUN
o I¥ THE CURRENT RUN 1S A RESTART OF A PREVIOUS RUN, THEN
c FAPE? 1S LSED TO READ THE FLO¥ FIELD INTO MEMORY
i<
Cees READ INPUT DATA P
<
READ * ,ITITLE
READ (5,1) TITLE
READ(5,20(1)
READ ({S,2) IMAX,KMAX,DT,WW,ALFA,ALFAl,ALFAI,REDFRE,AMINF
c
< ISPEC = FLAG TO SPECIFY DIFFERENT SPECTRAL RADIUS FOR SCALING
C WITE TBE DISSIPATION
C

READ(S,2001)

READ(S,2) ISPEC

READ(S,20(1)

READ(5,2221) WW2X,WW2Y, WHAX,WWY

c NSTP = NC. OF TIME STEPS TO BE DONE OK THIS RUN
: READ(5,20(1)

READ (5,2:21) FNSTP,FNPER, FNOUT,RES

NPER = FNFER

NSTP = FN:TP

NOUT = FNCUT

REYREF= RIYNOLDS NUMBER IN MILLIONS

DNMIN = D:STANCE OF FIRST POINT OFF THEE WALL
FOR REYNOLDS NUMBERS UPTO 3 MILLION USE 0.0Q005
XREF = REFERENCE VALUE AT X-AXIS

READ (5,2001)

READ (5,2221) REYREF,DNMIN,XREF, TSBIFT

TSAIFT = TSHIFT * Pl

REREAL = ®EYREF * 1000000.

REYREF = REYREF * 1.E+06

(s XaReNeNal

TSTART = TIME THAT THE CAICULATIONS BAVE BEEN ADVANCED
UPTO TBE PFEVIOUS RUN. IF TSTART 1I$ NEGATIVE TEIS VALUE 1S
QBTAINED FKOM THE TAPE 3.
READ (5,2001)
READ (5,2221) TSTART
2221 FORMAT(4F10.0)
READ (5,2001)
2001 FORMAT(1X)
READ (5,2000) RSTRT,PITCE,RAMP
READ(5,2001)
READ(5,2000) CIRCOR
2000 FORMAT(3L%)
read(5,+*) ial ,ia2 ,ial) ,1a4 , 4a5, 1a6, ia7, 1a8, 189, ial0

NnOoonana

R c e ,iail,1a12,1513,1a14, 1415
. 1alfed = 100.valfad .
8 IF( PITCE ) DT = PI / (NPER*REDFRE*AMINF)
%g c NEGATIVE REYREF MEANS INVISCID FLOW
. <
) ‘gtl) C*+e PRINT OUT THE INPUT DATA
c
82 WNI = 3. ¢ WN
3 WRITE (6,4) TITLE
4 WRITE (6,3) IMAX,KMAX,DT,WW, WWI,ALFA,ALFAL,ALFAI,REDFRE, AMINF,XREF
s WRITE (6,€6) NPER, NSTP, NOUT
6 66 FORMAT(/,2X,SENPER=,18,5%, SENSTP=,18,5X, SENOUT= I8,/
4 IF(REYREF GT.0.) WRITE (6,3700) REYREF
8 WRITE(6,67) WW2X, WW2Y, WNAX, WW4Y
67 FORMAT(/,2X,SHNW2X=, F8.4,5X,5EWW2Y=,F8.4,5X, SEWN4L=,F8 4, 5X,
_ ; 1 SENW4Y< ,F8.4,/)
- : GAMMA=1.4
- . ITEL = 31
- ; ITEU = 133
— ; ILE = ( ITEU - ITEL ) / 2 + ITEL
c
- i cec CALL AZRFOL(ITEL,ITEU,ILE)
107 | cec IP(REYPEF.GT.0.) CALL CLUSTR{DRMIN}
iec

READ(21) IMAX, KMAX
read(21) ({ X(I.K),I=1,IMAX),R=1,KMAX ),
(¢ 2(1.K),T=1,IMAX) , K=1,RMAX )

4
C**sC STARTING CONDITIONS.

Ce+s DENSITY NORMALISED WITE RESPECT TO ROINF

C*** VELOCITIES NORMALISED WITH RESPECT TO AINF

C**+ TOTAL ENERCY NORMALISED WITH RESPECT TO (ROINFP*AINTCAINT)
C

TOTEN=AMINF*AMINF*0. 5+ 1./ (GAMMA® (GAMMA-1 . })
ALFA = ALFA * PI / 180.
ALFA] = ALFAI + PI / 180

N-—-——-————oooodoooogs@ooddoo
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SOURCE PROGRAM DATE 1/20 /” PACE #

nSQZd.f TIME 11:46:04 am 2

SQURCE TEXT

ALMEAN = ALFA
ALPAY = ALFAl * PI / 180.
ALFAMAX = ALFAl + ALMEAN
ALFACR = ALFAMAX
ALFAS 15 THE ANGLE OF AIRFOIL WITH RESPECT TO FREESTREAM AT SYEADY-SYATE
OR INITIAL POSITION OF UNSTEADY MOTION.
IT SHOULD BE SET ACCORDING TO THE TYPE OF MOTION
ALFAS = ALMEAN - ALFAl*COS(0.)
UINF = AMINF * CO5(ALFA)
VINF = AMINF * SIN{ALFA)
unif = aminf
vipf = 0.0
call rotgrid( imax,kmax,aifa )
DO 7 I=1,IMAX
DO 7 K=1,KMAX
Ql(I,K)=1.
Q2{1,K)*UINF
Q3(I,K)=VINF
Q4(1,K)=TOTEN
CONTINUE
IF(RSTRT) THEN
REWIND 11
READ (11) IMAX , RMAX
READ (11) ( ( X(I,K), XY=1,IMAX }, K=1,KMAX ),
€ ( Z(I,K), I=1,IMAX }, K=1,KMAX )

ann

ann

355

L

]
2883

rd
N

T
]
!
grarury
waw

3

rewind 31
READ (31) IMAX , KMAX

READ (31) FSMACH, ALFAD, REREAL, TIME

READ (31) ( ( Ql¢(I.K), I=1,IMAX ), K=1,KMAX
. ( ¢ Q2(I,K), I=1,IMAX ), K=1,6KMAX
& { « 93(I,K), I=1,IMAX ), K=1,RMAX
13 { ( Q4(1,K), I=1,IMAX ), K=1,KMAX

3
[

-

ENDIF

if( time .gt. 500. ) time = O.

if( alfad .eq. 0 ) time = 0.

TSTART = TIME

IF(TSTART.GE.0.) TIME = TSTART

IF(.NOT.(RSTRT)) TIME = O.

i WRITE(6,68) TIME

161 68 FORMAT(/,40BTHE CALCULATIONS STARTED AT TIME T = ,Fl2.4,/)
162 ASTART = ALFA + ALFAl * SIN( 2*REDFRE*AMINF * TIME + TSHIFT )
163, ASTART = ASTART * ( 180. / PI )

164 IDONE = TIME / DT

165 WRITE(6,6€1) ASTART, I1DONE

166 681 FORMAT(2X.10BALFASTART=,F10.4,8X,15HITERATIONS DONE,5X,16,/)
167 CALL METRIC

168 IMIN = ( ITEU - ITEL ) / 2 + ITEL

169 : ILOW = 2 * IMIN

120 ° CED = X(ITEL,1) - X(ININ,1)

:;; NSTPT = NSTP + NSTPP

mgwwmwvﬁw‘vﬁwwwa
~DOVRNAVAWN=OO

i

------- —=> STARTING FROM A STEADY-SATE SOLUTION AT CERTAIN ANGLE <ho>
GIVE A TIME SHIFT <TSRIFT> TO START FROM Ao AND SET INITIALY
TIME=Q., KEEP TSHIFT THE SAME THEROUGH THE UNST. CALCUL.

annna

IF ( PITCE ) THEN

TP = PI / (NPER*REDFRE*AMINF)
at = dtp

endif

' altacr = pi / 9.

alfamax= almean + alfal

IF( RAMP ) READ (5,*) TIME

DO 1000 ITN=1,NSTP

TIME = TIME + DT

NN NSNS NN

REDUCE THE TIME STEP TO BALf AT TEE PEAK OF THE CYCLE

0.00 0800 09 00 00 00 (0
va‘uww—gww\lg\nbww—Swavomuw

IF (PITCH) TREN

0o aAano

! IF({ ALFA .GT. ALFACR ) THEN
DT = DTP * ( 1. - .5%(ALFA-ALFACR)/(ALFAMAX~ALFACR) )
ELSE
DT = DTP
END IF

VOOOOOO

OMEGA ~ 2.*REDFRE*AMINF * COS{ REDFRE® 2.*TIME*AMINF +TSBRIFT)
1 *ALFAl
ALOLD = ALMEAN + ALFAL * SIN({ 2. * REDFRE * AMINF *
200 1(TIME ~ DT} + TSHIFT )
20) ALFA = AMEAN + ALFAl * SIN{ REDFRF *« 2. * TIME * AMINF
_ 202 1 + TSHIFY )
203 ALFAD = ALFA * 45. / ATAN(1l.)
204 DALFA = ALFA - ALOLD
205 CALL ROTGRID(IMAX KMAX,DALFA)
206 CALL METRIC
" { ZND 17
208 IF (RAMP) TEEN
209 OMEGA = 2. * REDFRE * AMINF
ALOLD = OMECA * ( TIME - DT |}
ALFA = OMEGA * TIME
ALFAD = ALFA * 45. / ATAN(1.)
DALFA = ALFA - ALOLD
CALL ROTGRID(IMAX,KMAX,DALFA)
CALL METRIC
END 1F
ALFAD = ALFA * 45. / ATAN{1.)

i

t

RN

1

CALL SLPS(ITN,ISPEC)

APPLICATION OF BOUNDARY CONDITIONS

CALL EXPBC(CL)
CALL LOAD(CL,CDP,CDF,CM,ALFAS, XREF)

Tyt

IR RIS RI RS AR R NSRS AT I R RS RS IRERA R N R N RIS RN N

AP VA A L S D AT A Al N N N N N 0 NS NS NS e s s o et s e ] e e

PRINT OUT PRESSURE AT TEE SURFACE

N 0o onn o

IF(ITN/S0+50.EQ.ITN) THEN
WRITE (6,19)
WRITE (6,33) ITN, TIME , DT
IF(PITCH OR. RAMP) WRITE (6,3500) ALFAD,OMEGA
IF{ITN/50" *500.20.1TN)CALL CPPLOT(ITEL, 1TEU,AMINE, X(1,1},2{1,1)}
IF(ITK/401°400.8Q . 1TN) NRITE{6,12) (1,CF(I),1=1,IMAX)
WRITE (6,3000) CL , CDP , CDF , CM
. END IF
TIMPI = TIME / AMINF
. IF(ITN/50°50.EQ ITN)WRITE(3,8000)TIME,ALFAD,OMEGA,CL,CDP,CDF,CM
IP(1TN/1000°1000.EQ. 1TN) THEN
DO 100 ' s IMIN , ITEU

T

on

i
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SOURCE PROCRAM DATE 1/20/90 | PAce#
nse2d.f TME  11:46:04 am 3
s : =
LINE # SOURCE TEXT
2411 ¢C 20C = { X(I,1} — X{IMIN,1) ) / CBD
[ 24271 ¢ WRITE(2,7000} XOC , PSUR(ILOW~1) , PSUR(T)
_.243; ¢ WRYTE(®,7000) X0C , TF{ILOW-1) , CF{(1)
"244'] € 100 CONTINUE
245 ¢C ENDIF
246 | TWU TO CALCULATE THE AVERAGE VALUES OF €L, CD, CM

CWU TU NEXT CNU FOR USER SPECIFIED PLOTS
[

)| c
1 C 984

SCL = SCL + CL

SCDF = SCDF + CDF
SCDP = SCDP + CDP
SCM = SCM + CM

DO 984 B = 1 , EMAX
DO 98¢ I = 1 , IMAX
DREO(I,K) = ABS{ Qi(1,K) - DREO{I,X) )
IRES = IFIX(RES)
IF(ITN/IRES*IRES.EQ.1TN) TEEN
IPLOT = ( NSTPP + ITN ) / IRES
RESD(IPLOT) = 0.
CLE(IPLCT) = CL
CDPE(IPLOT) = CDP
DO 985 K = 1 , KMAX
DO 985 1 = 1 , TMAX

C 985 RESD(JPLOT) = AMAX1({RESD({IPLOT),DRBO{I,K)}
985 RESD(IPLOT) = RESDL2(ITN)
ENDIF
oy
IF(ITN/NOUT*NOUT .EQ. ITN ) THEN
IF( ITN .EQ. 1*NOUT ) 10UT = 31
IF( ITN .EQ. 2*NOUT ) IOUT = 32
IF¢ ITN .EQ. J*NOUT ) IOUT = 33
IF( ITN .EQ. 4sNOUT ) IOUT = 34
IF( ITN .EQ. 5*NOUT } IOUT = 35
IF({ ITN .EQ. 6*NOUT ) IOUT = 36
IF( ITN .EQ. 7°NOUT ) IOUT = 37
IF( ITN .EQ. B*NOUT ) IOUT = 38
IF( ITN .EQ. 9<NOUT } IOUT = 39
IF( ITN .EQ. 10*NOUT ) I1OUT = 40
IF( ITN .EQ. 11+NOUT ) IOUT = 41
IF( ITN .EQ. 12°NOUT ) IOUT = 42
IF( ITN .EQ. 13+NOUT ) IOUT = 43
IF{ ITN .EQ. 14°NOUT ) IOUT = 44 .
IF( ITN .EQ. 15*NOUT ) IOUT = 45
. IF{ ITN .EQ. 16+*NOUT ) IOUT = 46
i o
iout = 20
REWIND IOUT
WRITE (IOUT) IMAX , XMAX
WRITE (IOUT) ( ( X(I,K), I=1,IMAX ), K=1,KMAX ),
& ¢ ( Z(I,K), I=1,IMAX ), K=1,KMAX )
WRITE (IOUT) IMAX , RMAX
WRITE (10UT) AMINF, ALFAD, REREAL, TIME
WRITE (IOUT) ( ( Ql(I,K), I=1,IMAX ), K=1,KMAX 1 ,
& { { Q2(I,K), I=1,IMAX ), K=} ,RMAX ),
s ( ( Q3(I,K), T=1,IMAX ), K=1,EMAX ) .
( ( Q4(I,K), I=1,IMAX ), K=1,RMAX )
REWIND 10UT
i e
. ENDIF
. C
jalfad = 100.valfad
is1 = 100
ia2 = 200
ia3 = 300
a4 = 400
ias5 = 50¢
126 = 600
1a7 = 700
1a8 = 800
189 = 900
) 1alo= 1000
L3 iall= 1050
312, 1a12= 1100
33 I1F( IALFAD .EQ. ial .OR.
314 ; IALFAD .EQ. 182 .OR.
| 315, IALFAD .EQ. ial .OR.
316 IALFAD .EQ. ia4 .OR.
7! IALFAL .EQ. 185 .OR.
318, IALFAD .EQ. 186 .OR.
2319 IALFAD .EQ. 1ia7 .OR.
320} IALFAD .EQ. 188 .OR.
321 IALFAD .EQ. 1a% .OR.
3221 IALFAD .EQ. 1al0 .OR
323 IALFAD .EQ. iall .OR.
[ 324! IALFAD .EQ. 4al2 ) THEN
328 1F( IALFAD .EQ. ial ) IAOUT = 61
. 326 1F( IALFAD .EQ. 1a2 ) IAOUT = 62
[ 327! 1F( IALFAD .EQ. ia3 ) IAOUT = 63
328 IF( IALFAD .EQ. 1&4 ) IAOUT = 64
329 IF( IALFAD .EQ. 185 ) IAOLT = &5
. 330 IF{ IALFAD .EQ. 4a6 ) IAOUT = 66
331 IF{ IALFAD .EQ. 1a7 ) IAOUT = 67
332 f IF( IALFAD .EQ. 188 )} IAOUT = 68
333! IF( IALFAD .EQ. 1a% ) IAOUT = 69
334 IF( IALFAD .EQ. {al0 ) IAOUT = 70
. 335! IF( IALFAD .EQ. {all ) IAOUT = 71
[ 336 | IF{ IALFAD .EQ. 4al2 ) IAOUT = 72
337 ; REWIND IAOUT
.. 338 WRITE (IAOUT) IMAX , KMAX
339 ; WRITE (IAOUT) ( ( X(I1.K), I=1,IMAX ), EK=1,KMAX 1},
[ . 340 ; 3 ( ¢ 2¢1,K), I=1,IMAX ), K=1,KMAX )
_ 34, WRITE (IAOUT) IMAX , KMAX
342 WRITE (IAOUT) AMINF, ALFAD, REREAL, TIME
343 ] WRITE (IAGUT) ( ( QL(I.K). I=1,IMAX ). K=1,KMAX )
L 344, . { { Q2(1,K), I=1,IMAX )}, K=1,KMAX 9,
| 345 . ¢ ( Q3(1,K), 1=1,IMAX ), K=1,KMAX )
346 ( ( Q4(1,K), I=1,IMAX ), K=1,KMAX )
347, REWIND IACUT
348 | ENDIF
;gg‘ 1000 CONTINUE
i
i
38) REWIND 20
352 WRITE (20} IMAX , KMAX
353 WRITE (20, ( ( X(I.R), I=1,IMAX ), &=1,KMAX },
354 . ¢ ( 2(1,F), I=1,IMAX ), FK=1,RMAX )
355 WRITE (2€) IMAX , RMAX
356 WRITE (20) AMINF, ALFAD., REREAL., TIME
357 WRITE (20) ( ( QI(1,K). I=1,IMAX ), K=1 KMAX ),
358 . (€ Q2(1.K), I=1,IMAX ), R=1,RMAX ),
359 . ¢ ( QI(I.K), I=1,IMAX ), K=l ,KMAX ) ,
360 s ( ( Q4(1,K), I=1,IMAY ), F=1,KMAX )




SOURCE PROCRAM DATE 1/20/90 PACE ¢

nse2d.f

SOURCE TEXT

alfaf = alfa * (180/pi)
write(6,667) alfaf, time
667 format(17hANGLE OF ATTACK =,F15.10,5X,SHTIME=,F10.4,//)

PRINT OUT VELOCITY PROFILE

ann

WRITE(6,668)
668 FORMAT(,/.,14%,28UX,14X,28U2,10X, SADENSITY ,6X, BHPRESSURE,//)
CMUL = AMINF / REYREF
DO 4000 I = 70,130,2
s 0.
DO 4000 K = 2 , 20
S = S + SORT{ (X(I,K)-X(I,K-1))*e2 + (T(I,K)-Z(I,K-1))**2 )
U= { Q(I.K)/Q1(I,K) )
Vo= { Q3(I,K)/Q(I.K) )
UTOT = U*U + VsV
P = (GAMMA-1.)+( O4(I,K) - .5+Q1(1,K)*UTOT )
! WRITE (6,2002) I,K, U,V , QI(I,K) , P
4000 CONTINUE
c CALL OUTRVC(REREFAL)
STOP
1 PORMAT(12AS6)
1 FORMAT(12A8)
2 PORMAT(215,7F10.0)
1 FORMAT(7F10.0)
3 FORMAT(/, 5X,SHIMAX~,110,//,5%,SHRMAX=,110,
1/,5% 58 DT=,F20.8,/,5%,SENW =,F20.8,/,5X,5BNWI =,F20.8,
2/.5%,5BALFA=,F20.8,/,5%, 6BALFAL= ,F20.8,/,5X, 6BALFAI= ,F20.8,/,
+5%, 7BREDFRE=, F18.8,/, 5%, 6BAMINF~ ,F20.8,/,5%, SEXREF= ,F21.8)
4 PORMAT(1HL,S5X,10A6)
12 FORMAT(8(I4,F10.4))
19 FORMAT(/)
€ 22 FORMAT(2F10.6,15)
33 FORMAT{5),5RISTP=,I5,5X,SBTIME=,F9.5,5%, 3EDT=,F9.5)
2002 FORMAT(215,5E14.6)
3000 FORMAT(SX,3BCL=,F10.4,5X,4BCDP=,F10.4,5X,4HCDF=,F10.4,5X,38CM=,
+F10.4)
3500 FORMAT(SX,SEALFA=,F10.4,5X, 6EOMEGA=,F10.4,5X,2HE=,F10.4,5X, SREDOT=
1,F10.4)
. 3700 FORMAT(S5X,7HREYREF=,F20.4)
{ €5000 FORMAT(2I'20.6)
6000 FORMAT(8F14.8)
7000 FORMAT(3116.?)
8000 FORMAT(9113.6)
8001 FORMAT(3),8RCL(AVG)=,F12.7,4X,9HCDE(AVG)=,F12.7,4X,98CDP(AVG)=,
+F12.7,4X,8HCM(AVG)=,F12.7)
END

(2]




SOURCE PROGRAM

DATE 1/20/90

PACE #

o
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ahd
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¢ e = b

DIMENSION XIT(IX,KX),XIX(IX,KX),XIZ(IX, KX)
REAL K0,K1,K2

C
Cees AMATL COMPUTES THE COBFFICIENT MATRIX DE/DQ DURING X1 SWEEP
<
Gl = GAMMA - 1.
DO 1000 I = 2 , IMX1
X0 = XIT(1,K)
Kl = XIX(I,K)
K2 = X1Z(I,KX)
v = Q2(I,K) / Q1(I,K}
" = Q3(I1,K) / Q1(I.K)
EBYR = Q4(I.X) / QI(1.K)
pR12 = 0.5 *GML * (U * U+ W K
TEETA = K1 * U+ K2 *W
A(l,1,1y = X0
A(1.2.1) = K1
A{1,3,I) = K2
Al,4,1) =0
A{2,1,1) = K1 * PRI2 - U * THETA
A(2,2,I) = KO + THETA - K1 * (GM1 - 1.} * U
A(2,3,1) = K2 U -GMl * Kl * &
A(2,4,I) = K1 * GM1
A¢3.1,1) = K2 * PHI2 - N * THETA
A(3,2,T) = K1 * K - K2 * GM1 *+ U
A(3,3,1) = KO + TBETA - K2 * (GMl - 1.) * W
A(3,8,1) = X2 * GM>
A{4.,1,1) = TBETA * (2. * PHI2 - GAMMA s EBYR)
A(4,2,1) = K1 * (GAMMA * EBYR - PHI2) - GMl * U = THETA
A{4,3,7) = K2 * (GAMMA * EBYR - PHI2) - GMl * W * THETA
A(4,4,1) = KO + GAMMA * THETA
1000 CONTINUE
RETURN

END

‘ nse2d.f TIME  11:46:04 am
Es AT 3 K.

LINE 8 SOURCE TEXT

409 SUBROUTINE AMATL(K,IMX1,XIX, XIZ, XIT)

] | G0t et RN P T IR RN R 0Ot ARG SO Pt RARN S ORI RN N R G U GO N ARG Cee TN RsoonRTtiinoRy
Ta)) i .
_412:c* SUBROUTINE AMATL .
413 c- .
- “ c"l.I.Q""l"-Q"lli".‘.IQ"""II.""!II.C'Q‘I'l"."‘li.'.."‘l.
a8 PARAMETER (IX=180,kx=60)

416 COMMON/ FLON/Q1 (IX, KX),Q2(1X,KX),Q3(1X,KX),Q4(1X,KX)
_47! COMMON/PERTR,/DQ1 (1X,KX),DQ2 (IX,EX),DQ3 (IX,KX},DQ4 (IX,KX)
4l COMMON/AM A(4,4,1IX)

4) COMMON /PAR/GAMMA , REYREF, ALFA, ALFAL , REDFRE , AMINF , ALFAI




SOURCE PROCRAM

nse2d.f

SOLRCE TEXT

DATE

1/20/90

TIME

11:46:04 am

PACE #

454 SUBROUTINE AMAT2(I,XMX1,ZETAX,2ETAZ,ZETAT)

- ‘SS ! (P00t aAR e+ Qe Y HES P PO TR RAAGCE TR RSP P e AT RACOC R NI RAGILHTIRNINAOPRARSEEOON
456 | ¢+ .
457 i c SYBROUTINE AMAT2 .
458 ' ¢+ .
450  Covamt ettt e m sttt st AR AN C I NIRRT AT R RN SOOI RN NPT ST R URR AT O T RAT SRR TY

460 | PARAMETER (IX=180.Xx=60)
46! COMMON /FLOW/Q1 (1X,KX),02(IX,KX),Q3 (IX,KX),Q4(IX, KX)
462 COMMON/PERTR/DQL(IX,KX),D0O2(IX,KX),DQ3(IX,KX),DQ4(TX, KX)
463 | COMMON./ANM /A(4,4,1IX)
464 | COMMON /PAR/GAMMA , REYRTF . ALFA,ALF\l ,REDFFE, AMINF , ALFAI
_ 465 | DIMENSIL. ZETAX(IY KX} ,2ETAZ(IX,KX),2ETAT(IX, KX}

466 REAL KO,K1.K2

. 467 i C

4_423} C#*s  AMAT2 COMPUIES THE COEFFICIENT MATRIX DF/DQ DURING LTA SWEEP

_.469 ; ¢

| 470 | GM1 = GAMMA - 1.

AR DO 1000 K = 2 , RMXL

Ar2} %0 = ZETAT(I,K)
C 473 | 31 = ZETAX(1,K)
474 X2 = 2ETA2(I,K)
_ A75 ] v = Q2(1,K) / QI(I.X)
476 I = Q3(I.K) / QL(I,K)
_A77 EBYR = Q4(1,K) / QL(I.K)
478 | PHI12 = 0.5 % GML * (U = U + K v W)
479 | THETA =Kl * U+ K2+*W
480 | A(1,1.%) = KO
48) : A(1,2,F) = K1
_ 482 : A(1,3,K) = K2
483 A, 4.K) =0
484 A(2,1,K, = K1 * PBI2 -U * TBETA
485 A2,2,F) = ¥0 » THETA - K1 * (GMl-1.) * U
486 | A(2,3,F} = K> *» U - GM1L ¢ K1 * W
487 A(2,4,K) = Kl * GMI
488 A(3,1,F) = T » PEI. - W ~ THETA
489 A(3.2,K) = K1 * & - K2 * GMl * U
490 A{3.,3,K) = KO - THF7A -K2 * (GMl-1.) * W
49) A(3,.4,F) = K2 * GM]
492 A(4,1.K) = TRETA * (2 * PHI2 GAMVA * FBYR)
493 A{4,2,K) = K1 * (GAMMA * EBYR - PEIZ) - GM1 * U « THETA
494 A(4,3,K) = K2 * (GAMMA « EFYR - PRID) - C¥1 - W * THETA
495 A(4.4,F) = KO + GAMMA * TBETA
496 1000 CONTINUE
497 RETURN

498 END




SOURCE PROGRAM DATE ‘ 1/20/90 PACE #
nse2d.f TIME  11:46:04 am
BER A 2L i L

LINE #
_499 SUBROUTINL SLPS{ITN,ISPEC)
500 AL A L R R A e A AL L R AL EE A
Ce .
c* SUBROUTINE 5LPS .
c» L3

C.I!l.""lll'.'.!'IlI""‘Il!..."Ill'."“II.'."III..""!I."[IIII.
PARAMETER (IX=180,kx=60)
COMMON/F1Cw/QL(1X, KX}, Q2(IX, KX} ,Q3(IX, KX} ,Q4{IX, KX}
COMMON/F1%/0MEGA , BDOT
COMMON/PERTR/DQ1(1X,KX),DQ2(IX,KX},DQ3(1X,KX),DQ4(1X, KX)
COMMON/AM (4,4,1X)

%10 COMMON/TRID1/DD(4,4,1X, KX}
TR COMMON/TRID2/MM(4,4,1X,KX)
512 COMMON/TRID2/EE(4,4,1X,KX)
Bi3 COMMON /TR1D4/GG(4,IX, KX}
S1a COMMON/PAR/GAMMA , REYREF , ALFA , ALFAL ,REDFRE , AMINF , ALFA1
8is COMMON/DGRID/DT, IMAX ,KMAX , I TEL, I TEV
516, COMMON/GRID/YACOB(IX,KX)
s COMMON/DAMP /W , WWT , WH2X , WN2Y , WWAX , WN4Y
818 COMMON/MTRIX/ XIX(IX,KX),XIZ(IX,KX),2ZETAX(IX,KX),ZETAZ(IX, KX)
519 1 ,XIT(IX,.KX),2ETAT({IX,KX)
520 COMMON/RADIUS / SPECX(IX,KX),SPECY(IX,KX)
521 COMMON/L2NORM/ RESDL2(10000)
%g i REAL MM,DELTAT(IX,KX)
ic
7524} ceee TRE SUBROUTINE SLPS DOES TRE BULK OF THE WORR FOR THE ADI ALGORITHM.
257} cee* IT CALLS FLUX AND COMPUTES 1IGHT BAND SIDE DURING TBE TNO SWEEPS,
26 c**¢ ASSEMBLES THE COEFFICIENT MARICES, ADDS IMPLICIT AND EXPLICIT
27 | Cr¢t  DISSIPATION AND CALLS THE TRIDIAGONAL SOLVER TO OBYAIN TBE FINAL
328 | c*=x SOLUTION.
529 ; IMI = IMAX - 1
830} IM2 = IMAX - 2
531 KMl = EMAX - 1
532! KM2 = EMAX - 2
533 ¢
$34 i C*** THE DISSIFATION TERMS ARE CONSTRUCTED AND STORED IN TEE ARRAYS DO1,
._535 i c**+ DQ2,DQ3 AND DQ4.
%36 ¢
837 CALL SPECF (ISPEC)
$38 ¢ CALL DISSIP .
$39'c

"7540 i C*e+ ON TO DQL.DQ2,DQ3 AND DQM .
S41 [ C*+> TEE RIGHT HAND SIDE AT KNOWN TIME LEVEL IS NOW COMPUTED AND ADDED

54, CALL RESI
543 . =
544 DO 89%% X = 2 , M1
545! Do 8999 1 = 2, 1M1
S46 8999  DELTAT(1.K) = "
547 ° IF((REDFRL.LT.0.001).AND.ITN.EQ.1) THEN
548 DOl K= 2, RML
549 PO1 I~ 2, 1M
550, 1 DELTAT(I,K} = 1.0 / ( 1. + SQRT(ABS{YACOB(I ,K)) ) )
551 . ENDIF
SSZ;c
géi i Cess  IP VISCOUS FLOX 1S COMPUTED TBE VISCOUS TERMS ARE ADDED TO DQl ETC. HERE.
ic
555 TF(REYREF.r 0.) CALL STRESS{ITN)
556 - cr+e  I-SWEEP.
557 DTB = DT * 0.5
558 . DTk = DT + WAl
559 DO 3 K =2, M
560 CALL AMATI(K,IMAX-1,XIX,XIZ,XIT)
561 DO 4 11 =1, 4
562 DO 4 I2 =1, 4
$63 | DC S5 1 =2, IMl
564 EE(I1.12,1-1,%) =  A(I1,12,1+1) *» DTE * DELTAT(I,K)
565 : DD(I11,12,1-1,K) = - A(I1,12,1-1) % DTH ¢ DELTAT(},X)
566 | 5 CONTINUE
567 | 4 CONTINUE
568 ¢
569 ' ce+s IMPLICIT DAMPING ADDED BERE.
570 i ¢
$7) . DO 6 1 =2, 1M
572 DTl = SPECX(I,K) * DTN % DELTAT(I,X)
73, DTW] = 2. v SPECX(I,K) * YACOB(I,K) * DTW*DELTAT(I,K)
74 DD(1,1,1-1,K) = DD(1,1,I-1,K) - DT1 * YACOB(I-1,K)
8765 | DD(2,2,1-1,F) = DD(2,2.1-1,K) - DT1 * YACOB(I-1,K)
76 pD¢3,3,1-1,K} = DD(3,3,1-1,K) - DTl * YACOB(1-1,K)
77 DD(4.4,1-2,F) = DD(4,4,1-1,K) - DT1 * YACOB(I-1,K)
78 EE(1,1,1-1,K) = E.(1.1,1-1,K) - DT1 * YACOB(I+l,K)
79, BE(2,2,1-1,K) = EE(2,2,1-1,K) - DTl * YACOB(I+1,K)
N EE(3,3,I-1,K) = EE(3,3,1-1,K) - DTl * YACOB(I+1,K)
8l i EE(4,4,1-1,K) = EBE(4,4,1-1,K) - DTl * YACOB(I+1,K)
582 | MM(1,1,I-1,K) = 1. + DTHI
583 MM(2,2,1~1,K}) = 1. + DTWI
84 MM(3,3,X-1,K} = 1. + DTWI
8S | MM(4,4,1-1,K) = 1. + DTWI
$86 ! 6 CONTINUE
87 3 CONTINVE
88 | DO 990 K -2, M
589 | DO 990 1 =2, 1M
90 | GG(1,1-1,%) = DQ1(I,K) * DELTAT(I,K)
.39 GG(2,1-1,K) = DQ2(I,K) * DELTAT{1,K)
592 ; GG(3,I-1,K) = DQ)}(I,K) * DELTAT(I,FK)
93 GG(4,1-1,K} - DQ4(1,K} ¢ DELTAT(I,K}
594 990 CONTINUE
595 ic
gg ic PEEFORM BLOCK TRIDIAGONAL MATRIX INVERSION FOR THE ENTIRE PLANE
c
95{ CALL MATRX] (IMAX,KMAX)
99 . DO 991 K =2, M
_600 | DO 991 I =2, 1M1
601 | DOL(I,K) * GG(1,1-1,K)
502 . DQ2(1,K) * GG(2,1-1,K)
603 DQ3(1.K) ® GG(3,I-1,K)
604 DQ4(1,.K) = GG(4,1-1,K)
605, 991 CONTINUE
06 ¢
607  c K-SWEEP BEGINS HERE.
608 ‘¢
609 | DO 13 1 -2, IM
610 CALL AMAT2(7,KMAX-1,ZETAX,ZETAZ, 2ETAT)
611 DO 15 Il -1, 4
612, DO 15 I2 -1, 4
613 DO 15 K -2, KMl
614 BE(I1,12,1,%-1) = A(I1,12,K+1)*DTB * DELTAT(I,K)
615 DD(11,%2,1,K-1) = -A(I1,12,K-1)°"DTE * DELTAT(I,K)
616 15 CONTINUE
6172 . ¢
618 Cees SECOND ORMER DAMPING ADDED HERE.




SOURCE PROCRAM DATE 1/20/90 PACE ¢
nse2d.f TME 11:46:04 am

sic

i

noo

nnNnn

EE(4.4,1,K-1)
+ DTW1

SOURCE TEXT

DO 16 K -2, M
DT = SPECY(I,K) * DTN * DELTAT(I,K)
DTWI = 2. v SPECY(I,K) * YACOB(I.K) ¢ DTW*DELTAT(I,X)
DD(1,1,I,K-1) = DD(1,1,I,K-1) - DTl * YACOB(I,K-1)
bD(2,2,%,k-1) = DD(2,2,1,K-1) - DT1 * YACOB(I,K-1) .
DD(3,3,1,F-1) = DD(3,3,1,K-1) - DTl * YACOB(I,R-1)
DD(4,4,1,K-1) = DD(4,4,1,K-1) - DTl * YACOB(I,K-1)
EE(1,1.1,K-1) = EE(1,1,I,K-1) - DT1l * YACOB(I,R+1)
EE(2,2,1,K-1) = EE(2,2,1I,K-1) - DTl * YACOB(I,K+l)
EE(3,3,1,F-1) = EE(3,3,1,K-1) - DT1 * YACOB(I,K+1)
EE(4,4,1,K-1) = - DTl * YACOB{I,K+1)
MM(1,1.1I,K~1) = 1,
MM(2,2,1,K-1) = 1. + DTWNI
M(3,3,1,k-1) = 1. + DTNI

16 MM(4,4,.1,F-1) = 1. + DTWI

13 CONTINUE
DO 17 K -2, M
Do 17 1 -2, 1
GG(1,I,%-1) = DQ1(I,K)
€6(2,1,K-1) = DQ2(I,K)
GG(3,1,K-1) * DQ3(1,K)
GG(4,1,K-1) = DQ4(I,K)

17 CONTINUE
PERFORM BLOCK TRIDIAGONAL MATRIX INVERSION FOR THE ENTIRE PLANE
CALL MATRX2(IMAX,KMAX)
DO 18 K ~2, M1
DO 18 I =2, 14
DQL(1,K) = GG(1,1,K~1)
DQ2(1,K) = 6G(2,I,K~1)
DQ3(1,K) = GG(3,1,K~1)
DQ4(1.K) = GG(4,1,K~1)

18 CONTINUE

*+* UPDATE FLOK VARIABLES AT INTERIOR POINTS.
967 CONTINVE
RMAX = 0.
RUMAX = 0.
RVMAX = 0. .
EMAX = 0.
DO 995 K =2 , KMl
Do 19 1 2, IM
Q1(I1.X) = Ql(I,X) + DQL(I.,K) * YACOB(I,K)
Q2(1.F) = Q2(1,K} + DQ2(I,K)} * YACOB(I,K)
Q3I(1.K) = Q3(I,R) + DQ3(I,K) * YACOB{I,K)
Q4(1.1) = Q4(I,K) + DQ4(I,K) * YACOB(I,K)
19 CONTINVE
DO 995 1 =2 , IM
IF (RMAX.LT.ABS(DQ1(I,K)*YACOB(I,K))) THEN
IR =1
KR = K
END IF
RMAX * AMAX1(RMAX,ABS(DQl{I,K) * YACOB(I,K)))
RUMAX = AMAX1(RUMAX,ABS(DQ2(1,K} * YACOB(I,K))}
RVMAX = AMAX)1(RVMAX,ABS({DQ3(1,K) * YACOB(I.K}))
EMAX = AMAX1(EMAX,ABS(DQ4(1,K}) * YACOB(I,K)))
995 CONTINLE
COMPUTE L2 NORM OF Q1, Q2, Q3, AND Q4 RESIDUAL
RL2 = 0.
RUL2 = ©.
RVL2 = 0.
EL2 = 0.

DO 996 K = 2 , KM1

DO 9%6 T = 2 , IMl

RL2 = R12 + DQI{(1.K)=*2
RUL2 = RUL2 4 DQ2(I,K)*=2
RVL2 = RVL2 + DQ3I(1,K)**2
EL2 = E12 + DQ4(I,K)*+2
CONTINUE

RL2 = RL2 / ( IM2+*KM2 )

99

o

RUL2 = RUL2 / ( IM2*RM2 )
RVL2 = RVL2 / ( IM2*KM2 )
EL2 = EL2 / ( IM2*KM2 )

RL2 = SCRT(RL2)

RUL2 = SGRT(RUL2)

RVL2 = SCRT(RVL2)

EL2 = S(RT(EL2)

RESDL2(ITN) = RL2
IF((ITN-1)/500*500.EQ. (ITN-1)) WRITE (6,3002)
IF(ITN/50+50.EQ. ITN) WRITE (6,3001) RMAX,RUMAX,RVMAX,EMAX, IR, KR
IF(ITN/S0*50.EQ.ITN) WRITE (6,6004) RL2 ,RUL2 ,RVL2 ,EL2

/RN

RETU

3002 FORMAT(/,5X, 'DRMAX', 11X, 'DUMAX' 11X, 'DVMAX‘,11X,'DEMAX', 9X,
1'IR',3X,'KR’')

3001 FORMAT(4(E14.8,2X),215)

6004 FORMAT(4(E14.8,2X) )
IND




SOURCE PROCGRAM

nse2d.f

SOURCE

I

DATE 1/20/90

TIME  11:46:04 am

PACE #

TEXT
ot SUBROUTINT MATRX) ( IMAX, KMAX)
7 l c-."'!tltcoﬂtiﬂlcttittitt'.‘Iilli""!l‘ll."‘!ll'."‘III'C"'!!I'O"‘
712 }c- . .
N3 ice SUBROUTINE NATRI ) .
714 !ce .
) -’ ‘5 .‘ c"ll"."‘I'i"'lll"'""'I'.."Itll""‘llt.."lll’...‘lll""'l‘lt
A PARAMETER (IX=180,Kkx=60)
N7 COMMON/TRID1/DD(4,4,IX,KX)
ns: COMMON/TRID2/MM(4 ,4,1IX,KX)
e COMMON, TRID3/EE (4 . 4,1IX,KX)
[ 720 COMMON/TRID4/ GG(4,IX,KX)
T2 COMMON, TENLTA(A . 4,TX,EF(4 4 TX TX),C(4,5,1X)
22 REAL MM
L_713v REAL L11,121,L131,141,122,132,L42,L33,143,L44
__;_ 4 2,111,121,131,L41 )
> i C
2261 ¢ THIS SUBROUTINE PERFORMS THE BLOCK TRIDIAGONAL MATRIX YVERSION FOR
te AN ENTIRE PLANE DURING THE X1- SMEEP
C
EM1 = RMAX - 1
PO 1 Il =1, 4
; PO 1 K =2, KMl
: Al = 1. / MM(1,1,1,K)
! GG(I1,1,K) = GG(I1,1,K) * Al
BB(I1,1,1,K) = EE(I1,1,},K) * AI
®B(11,2,1,K) = EE(I1,2,1,K} * AL
HB(I1,3,1,K) = EE(I1,3,1,K) * Al
BH(I1,4,1,K) = EE(I1,4,1,K) * AI
;: 1 CONTINUE
ic
i DO 1000 1 = 2 , IMAX - 2
; Do S =1, ¢
Do 2 K=2, Ml
C€(11,1,K) = GG(I11,I,K) - DD(I1,1,I,K) * GG(1,I-1,K)
1 - DD(11,2,1,K) * 6G(2,1-1,K)
2 - DD(11,3,1,K) * 6G(3,I-1,K)
3 - DD(I1,4,1,K) * GG(4,I-1,K)
2 CONTINUE
DOS5S I2=1, 4
DOS K =2, KML
A(I1,12,K)= MM(I1,12,I,K) ~ DD(Ii,1,I,K) *-BH(1,I2,I-1,K)
1 ~ DD(I11,2,I,K) * BE(2,12,1-1,K)
2 ~ DD(I11,3,1,K) * BH(3,12,1-1,K)
3 ~ DD(I1,4,1,K) * HB(4,12,1-1,K)
Cc(I1,12+1,K)= EE(I1,12,1,K)
5 CONTINUE
DO 3 K= 2, KMl
111 = A(1,1,K)
L1l = 1. / L1l
Ul2 = A(1,2,K) * L1I
VUl3 = A(1,3,K) * L1I
Ul4 = A(1,4,K) * L1I
L21 = A(2,1,K)
L31 = A(3,1,K)
L41 = A(4,1,K)
L22 = A(2,2,K) - L21 » L12
121 = 1. / 122
U23 = (A(2,3,K) - L21 * U13) * L2
U24 = (A(2.4,K) - L2} + Ul4) * L2I
132 = A(3,2,K) - 131 * v12
L42 = A(4,2,K) - L4l * Ul12
L33 = A(3,3,K) - L31 * Ul3 - L32 + U2}
L31 = 1. , L33
U34 = (A(3.4,K) ~ L31 * Ul4 - 132 + U24) * L3I
143 = A(4,3,K) - L4l * C13 - L42 * U23
L44 = A(4,4,K) - L4l * Ul4 - L42 *» U24 - L43 » U4
141 = 1. , L44
c(1,1,K) = C(L1,1,K) * LII
€(2,1,K) = (C(2,1,K) = L21 * €(1,1,K)) * L21
C(3,1,K) = (C€{3,1,K) - 131 *» C(1,1,K)
1 - 132 + C(2,1,K)) * 131
C(4,1,K) = (C{4,1,K) - L41 » C(1,1,K) - L42 * C(2,1,K)
1 - i4s * C(3,1,K)) * LAl
C(1,2,K) = C(1,2,K) * L1I
C(2,2,K) = (C(2,2,Ky - L21 + C(1,2,K}} * L21
C(3,2,K) = (€(3,2,F) - L31 +* C(1,2,K)
1 - 132 * €(2,2,K)) * 131
C(4,2,K) = (C(4,2,K) - L4L * C(1,2,K) - L42 * C(2,2,K)
1 - L43 * C(3,2,F)) * LA
€(1,3,K) = C(1,3,K) * LII
: C(2,3,K) = (C(2,3,K) - 121 * €(1,3,K)) * L2I
i C€(3,3,K) = (C(3,3,K) - L31 + C(1,3,K)
2 ; 1 - L32 + €(2,3,K)) » LIX
: C(4,3,8) = (C(4,3,K) - L41 * C(1,3,K) - L42 * C(2,3,K)
| 1 - L43 » C(3,3,K)) * LAI
: C(1,4,K) = C(i,4,K) » L11
i C(2,4,K) = (C(2,4,%) - L21 * C(1,4,K)) *» L21
; C(3,4,K) = (C(3,4,K) - L31 » C(1,4,K)
: 1 - 132 * C(2,4,K)} ¢ L3I
: C(4,4,K) = (C(4,4,K) - L41 * C(1,4,K) - L42 * C(2,4,K)
: 1 - L43 * C(3,4,K)) * L4l
| C{1,5,K) = C(1,5.K) * L11
: c(2,5,K) = (€(2,5,K) - L21 * C(1,5,K)) * L21
! €(3,5,K) = (C(3,5,K) - L31 * C(1,5,K)
i 1 - 132 * C(2,5,K)) * 131
i C(4,5,K) = (C(4,5,K) - L41 * C(1,5,K} ~ Le2 * C(2,5,K)
i 1 - L43 * C(3,5,K)) * LAI
7 C(3,1,K) = €(3,1,K) - U34 » C(4,1,K)
: c(2,1,K) = C(2,1,K) - U24 *» C(4,1,K)
: 1 - U2) * C(3,1,K)
. C{1,1,K) = C(2,1,K} - Ul4 * C(4,1,K)
; 1 - U13 « C(3,1,K) - U12 * C(2,1,K)
: C(3,2,K) » C(3,2,K) - U34 *» C(4,2,K)
) C(2,2,K) = C(2,2,K) -~ U24 * C(4,2,K)
1 - U23 » €(3,2,K)
C(1,2,X) = C(1,2,K) - Ul4 * C(4,2,K)
1 ~ U13 + C(3,2,K) -~ U12 v C(2,2,K)
C(3,3,K) = C(3,),K} - U34 » C(4,3,K)
C(2,3,K) = C{2,3,F) - U24 * C(4,3,K)
1 - U23 ¢ C(3,3,F)
C(1,3,K) = C(1,3,K) - Uld » C(4,3,K)
1 - UL3 * C(3,3,K) - U12 * C(2,3,K)
C(3,4,K) = C({3,4,K) - U4 * C(4,4,K)
C(2,4,K) » C(2,4,K) - Uz4 *+ C(4,4,7)
1 - U2l * C(3,4.K)
C(1,4,K) = C(1,4,F) - Ul4 *» C(4,4,K)
1 -~ U13 *+ C(3,4,K) - U12 * C(2,4,F)
C(3,5.%) = C{1,5,K) - U4 s C(4,5,F)
€Cr2.5,K) = €{2,5,K) ~ U24 * C(4,5,K)
3 - U23) » C(3,5,F)
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C(1,5,%) = C(1,5,K) - V14 * C(4,5,K)
-~ U13 » C(3,5,K) - Ul2 * C(2,5,K)
3 CONTINVE

-
8
b
o
B
=
L

BH(I1,12,1,K)
CONTINUE
1000 CONTINUE

- BNCKNARD SUBSTITUTION

aon

O VE W
Ve
i .

Do 71 = IAX - 3,1, -1

Do 7 11 =1, 4

Do 7 K =2,

GG(I1,1,K) = GG(I1,I,K) - BE(IL1,1,I,K) * GG(1,I+1,K)

1 - BR{I1,2,I,X) * GG{2,1+1,K)
* GG(3,1+1,K)
* GG(4,1+1,K)

4

VYD GRP GO«

.

>

sl

2 - BA(I1,3,1,K)
3 - HH(I1,4,1,K)
7 CONTINUE

RETURN

END

ks

T
28
>
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© 100D WVOWOVOY
QWRENAVMAWN=O
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-3 -4
NN
~—_-

SUBROUTINE NATRX2(IMAX,KMAX)

LT Ty e A L e R R Y IR R Ty

Tee .
I SUBROUTINE MATRI2 . .
C» »

NN e R e e TR AR Pt AN RN C O I AR REC OO RAN A QOO NAR AP IPON AR PGS ORENTY
PARAMETER (IX=180,kx=60)
COMMON/TRID1/DD(4,4,IX,KX)
COMMON/TRID2/MM(4,4,1X,KX)
COMMON/TRIDI/EE(4,4,1X,KX)
COMMON/TRIDA/ GG(4,1X,KX)
COHHON/SCRAT/A(‘,{,II),HM(Q,C,IX,KX),C(i,S,IX)
REAL MM
REAL 111,121,131,141,132,132,142,133,143,144
2 111,L21,1L31,141

[
[ TEIS SUBROGTINE PERFORMS THE BLOCK TRIDIAGONAL MATRIX IVERSION FOR
[+ AN ENTIRE J=CONSTANT PLANE DURING THE LETA- SWEEP
c

KM = EMAX - 1

IML = IMAX - 1

Dol Il =1, 4

poO1l11l =2, 1M

A = 1. /M1,1,1,1)

GG(I1,I,1) = GG(I1l,I,1) * AI

®A(I1,1,1,1) = EE(I1,1,1,1) * Al

ER(I1,2,1,1) = EE(I1,2,I,1) * Al

HB(I,3,Y.1) = EE(I1,3,1I,1) * Al

BH(I1,4,1,1) = EE(I1,4,I,1) * AI

1 CONTINVE

T

DO 1000 F = 2 , KMAX - 2

Do $ =1 , 4

2 =2, 1M
c(11,1,I) = GG(I1,I,K) - DD(I1,1,1,K) * GG(1,I,K-1)
- DD(I1,2,I,K) * GG(2,1,K-1)
2 - DD(11,3,I,K) * GG(3,I,K-1)
3 - DD(11,4,I,K) * GG(4,1,K-1)
2 CONTINUE

DOS I2=1, 4
pOS I =2, IM .
A(I1,12,1)= MM(I1,12,1,K) - DD{I1,1,I,K)
1 DD(11,2,1,K)

B8(1,12,1,K-1)
RE(2,12,1,K-1)

R

2 - DD(11,3,1,K) * HH(3,12,1,K-1)
3 - DD(I1,4,I,K} » BH(4,I12,1,K-1)
C€(11,12+1,1)= EE(11,12,1,K;
5 CONTINUE

DO3 I =2, 1M

L1l = A(l,1,1)

L1 = 1. 7 111

V12 = A{1,2,1) * L1

U1l = A(1,3,1) * L1I

Ul4 = A{1.4,1) * L1I

121 = A(2,1,1)

131 = A(2,1,1)

141 = A(4,1,1)

122 = A(2.2,1) - 121 * U12

121 = 1. / L22

€23 = (A(2.3,1, - L21 * U13) * L2I

U24 = (A(2,4,1) - L21 * Ul4) = 121

L32 = A(3.2,1) - L31 » ul2

142 = A(4.2,1I) - 141 ¢ U12

133 = A(3,3,I) - L31 * V13 - L32 » u23

131 = 1. / 133

U34 = (A(3,4,1) - L31 * Ul4 - L32 * U24) * 131

143 = A(4,3,1) - L4l * U13 - L42 * U23

Lés4 = A(4,4,1) - L4l * Ul4 - L&2 * U24 - L43 * U34

L4I = 1. / L44

c¢1.1,1) = €(1,1,1) v L1I

C€(2,1,1) = (C(2,1.1I} - L21 + ¢(1,1,1)) * L2I

C(3,1,1) = (C(3,1,I) - L31 * €(1,1,1)
1 - L32 = €(2,1,1)) * 131

C(4,1,1) = (C{4,1,1) - L41 = C(1,1,I) - L42 * €(2,1,I)
1 -~ L43 » C(3,1,1I)) * 1AI

€(1,2,1) = €(1,2,I) * LII

€(2,2,1) = (C(2,2,1) - 121
€(3,2.1I) = (C(3,2,1) - 131
1 - L32
C(4,2,1) = (C(4,2,1) - L4l
1

€(1,2,1)) * L1

~ 143 * C(3,2,1)) * LAI
€(1,3,1) = C(1,3,1) * L1I
€(2,3,1) = (C(2,3,1) - L21 * C(1,3,1)) + L21
C¢3,3,1) = (C{3,3, J) - 131 * Cc(1,3,.I)

L32 - C(2,3,1)) » 11

C(4,3,1) = (C(4,3,1) - L41 * C(1,3,I) - L42 * C(2,3,1)
1 - L43 * C(3,3,1)) * L4I
C(1,4,1) = C(1,4,1) * L1I

C(2,4,1) = (C(2,4,1) - L21

Cc¢3,4,1)

* C(1,4,1I)) * L21
= (C(3,4,1I) - L31 * C(1,4,I)

1 - L32 ¢ C(2,4,1)) *» 13X

C(4,4,1) = (C(4,4,1) ~ L41 » C(1,4,1) - L42 *» C(2,4,1)
1 - L43 * C(3,4,1I)) * 142
C(1,5,1) = €(1,5,1) * L1

ti4

C(3.,5,1) = €(3,5
2.5 U24

C(2.5,1) - C¢

C(2,5,I) = (C(2,5,1) - L21 = C(1,5,1)} * L21

€(3,5,1) = (C(3,5,1) - L31 * €(1,5,1)

1 - 132 * €(2,5,1)) * L31

C(4,5,1) = (C(4,5,1) - L41 *» C(1,5,1) - L42 *» C(2,5,1)

1 - L43 * C(3,5,1}) * L4I

€(3,1,1) = €(3,1,1) - D34 « C(4,), 1)

C€(2,1,1) = €(2,1,1) - U24 « C(4,1,1)

1 - U23 * C(3,1.1)

C(1,1,1) = €(1,1,1) - U4 = C(4,1,1)

1 - U13 » €¢3,1,I) - U2 * C(2,1,1)

C{3,2,1) = C{3 T) - U4 « C(4,2,1)

€(2,2,1) = C(2,2,1) - U24 + C(4,2,1}

1 - U23 + €(3,2,1)

C(1,2,1) = C(1,2,7) - Vid4 +» C(4,2,1)

1 - U13 » €(3,2,1) - 012 * €(2,2.1)

€(3,3,1) » C(3,3,1) - U34 » C(4,3,1)

C(2,3,I) = C(2,3,1) - C24 * C(4,3,1)

1 - L23 v C(3,3,1)

Ct1,3,1) = C(1,3,1) - Ul4 * C(4,3,1)

1 - U13 ¢ C(3,3,1) - U12 * C(2,3,1)

C(3.4,1) = C(3,4,1) ~ U4 « C(4,4,1)

C(2,4,1) = C(2,4,1) - V24 « C(4.,4,1)

1 - U2) » C(3,4.1)

C(l,4,1) = C(1,4,1) - U14 » C(4,4.1)

1 -~ Ul3 « C(3,4,T) - V12 * C(2,4,1)
- . 4,.5.1)
- c C(4.5.1)
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0non

1 - v23 * €(3,5,1)
€(1,5,I) = C(1,5,1) - UL4 > C(4,5,1)
1

- vUl3 * C(3,5,1) - U12 * C(2,5,1)

3 CONTINUE

DO 6 Il =1, 4

Do 91 =2, IMl
9 GG(I1,I,K) = Q(I11,1.,1)

DO 6 12 =1, 4

DO 6 1 =2, IM

HBE(Y1,12,1,7} = C{I1,12+1,1}
6 CONTINUE

1000 CONTINUE

BACKNARD SUBSTITUTION

DO 7K = KMAX - 3, 1, -1

DO 7 11 =1, 4

DO 71 =2, 1M

GG(I1,1,K) = GG(I1l,I,K) - BH(I1,1,I,K)
1 - EB(I1,2,1,K)
2 - HH¢I1,3,1,K)
3 - BH(I1,4,I,K)
7 CONTINUE

RETURN

END

GG(1,I,K+1)
GG(2,1I,K+1)
GG(3,1,K+1)
GG(4,1,K+1)
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LINE # SOURCE TEXT
%l_ SUBROUTINE METRIC
m 2 c..'Q‘llIOQQQQI!l'".‘illi."'lll'.t'l‘ll'0'"!llit"'"l'.""‘lqun't
»n 3" Ce . .
[ 1t ; ) SUBROUTINE MEYRIC .
.
r_'-g64 g:‘lt.""'lt"."!.l'.""!Ic"‘llll.""!lll'.t‘l!i'."!l.lt'!Q'II!.
1007 PARAMETER (I1X=180,kx=60)
[ 1008 COMMON/FIX/OMEGA , BDOT
[ 1t COMMON/DGRID/DT, IMAX , KMAX, ITEL, ITEU
1010 COMNMON/GRID1/X(IX,KX),%(IX,KX)
[ e COMMON/GRID/YACOB(1X, KX)
[ 1012 COMMON/MTRIX/XIX(IX,KX),XI2(IX,KX),2ETAX(1X,KX),ZETAZ(IX,KX),
[ 1013 AXIT(IX,KX),ZETAT(IX, KX}
4]c
T*#* YEE SUBROUTIME METRIC COMPUTES THE METRICS IN ALL TEE TWO DIRECTIONS AND
[ THE QUSTEADY COEFFICIENTS ETAT E7C.
[
DO 1000 K » 1 , EMAX
n | DO 1000 I = 1 , IMAX
n 0 ITAU = OMEGA * 2(I1,K)
1 YTAU = OMEGA * (-X(I,K))- HDOT
; % Co*s “FRESKNT SET UP IS FOR FLOW PAST AN AIRFOIL.
T
14_ IF(1.EQ.1.0R.I.EQ.IMAX) GO TO 10
1025 | EXI = .5 ¢ (X{I+1,K)-%(I-1,K))
1026 2X1 = .5 * (2(I+1,K)-2(I-1,K))
1027 GO TO 15
[10287 10 TP(1.EQ.1MAX) 60 TO 16
1029 XXI = 1.0 « (X(2,K) - X(1.,K}}
1030 ELXI = 1.0 * (2(2,K) - Z(1,K))
031 GO TO 15
["jo32 16 XXI = 1.0 * (X(IMAX,K) - X(IMAX-~1,K}}
10 3{ 2ZXI = 1.0 * (2(IMAX,K) - Z(IMAX~1,K))
0 4“ 15 CONTINUE
1035 ! IF(K.EQ.1.0R.K.EQ.KMAX) GO TO 17
1036 : XZET = .5 *(X(1,K+1)-X(1,K-1))
037 ; Z2ET = .5 *(2(1,F+1)-2(1,%-1})
| 1038 ; GO T0 20
039 17 IF(X.EQ.EMAX) GO TO 18
| Y040 ! ZZET = 2. + X(I,2)-1.5 * X(I,1) - .5 *» X(I,3)
TOo4al : 22ET = 2. * Z{1,2) - 1.5 * 2(I,1) - .5 * 2(I.,3)
Toa2 | GO TO 20 :
043 | 18 XZET = 1.5 * X(T,KMAX)-2.* A(I,KMAX~1)+.5¢X(1,KMAX~2)
1044 ZZET » 1.5 * Z(X,EKMAX)-2.* 2(1,KMAX-1)+.5+2(1,KMAX-2)
1045 20 CONTINUE
| 1046 YACOBI = XXI * 2ZET -~ X2ET * ZXI
047 | YACOB(1.K) = 1. / YACOBI
048 | XIX(1,K) = 2ZET * YACOB(I K}
049 ' XIZ(1,K) = -XZET * YACOB(I,K)
050 | XTAU = OMEGA * Z(I.K)
105 YTAL = - OMEGA * X(1,K)- EDOT
1082 : XIT(T,K) = - XIX(1,K) * XTAU - XIZ{I,K)} * YTAU
1053 : 2ETAX(I,K} = -ZXI * YACOB(I,K)
1054 ZETAZ(1,K) = XXI * YACOB(I,K)
1055 : ZETAT(1,K) = - ZETAX(I,K) * XTAU - 2ETAZ(I,K) * YTAU
1056 1 1000 CONTINUE
1057 . RETURN

058 | END
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SOURCE

LINE #
059 SUBROUTINE DISSIP
J n c..t.“ll.'.n‘!llﬁ’!"|ltt."lll‘tc'.‘lll'.'.i‘lll‘.titnl""!'llt""
- _jc* ) . *
106277 ¢+ SUBROUTINE DISSIP .
1063 | e» *
_"b“ c‘l.l..."‘lll""'.l.‘"'Ill‘...'ll!t'."‘ll.""'llt.o'n!tl"'t"lla
065 PARAMETER (IX=180,kx=60)
1066 COMMON/FLOW/Q1 (IX,XX),0Q2(IX,KX),Q3(XX,KX),Q4 (IX,KX)
_"0,,_67_( COMMON/MTRIX/XIX(IX,KX),X12(1X,KX),2ETAX(IX, KX),2ETAZ(IX, KX},
[ 1068 1XTIT(IX, KX}, 2ETAT(1X KX}
1069 COMMON/PERTR/DQ1 (1X,KX), D02 (IX,XX),DQ3(IX,KX),DQ4({IX,KX)
1070 COMMON/DGRID/DT, IMAX , KMAX, 1 TEL, ITEU
[107) COMMON /PAR/GAMMA , REYREF , ALFA, ALFAL , REDFRE , AMINF , ALFAI
tj 072 COMMON/GRID/YACOB(IX,KX)
%;3_‘ COMMON /DAMP/WW , WN1 , NH2X , NN2Y , WRAX , MW4Y
[ 1074 COMMON/RADIUS,/ SPECX(IX,KX),SPECY(IX, KX)
n 075 COMMON/SPEED/ U(IX,KX),V(IX,KX),AA(1IX, KX)
i 1076 DIMENSION P(IX),EPS(IX),DIS1(IX,4),DIS2(IX,4),DIS3I(IX,4)
LA DIMENSION QQ(4)
(10791 ¢ HIS SUBROUTINE ADDS TBE POURTE ORDER DISSIPATION TERMS TO THE
[} 0 € . ®IGHMYT BAND SIDE
c
[108271c . .
LT"”" IM = IMAX - )
084 | IM2 = IMAX - 2
| TO&% KMl = EMAX - 1
71086 - EMAX - 2
1087 WDT = WW*DT
L_ 88 GMl = GAMMA - 1.
1089 DO 20 X~ 2, KM
090
% COMPUTE SWTICHING FUNCITON BASED ON SECOND DERIVAITVE OF PRESSURE
DO1I=1, IMAX
1 P(I) = GM1 * (Q4(I,K) - 0.5*Q1(I,K)*(U(I,K)**2 + V(I,K)**2))
DO3I =2, IM
PS1 = p(I+1) - 2.%P(I) + P(1-1)
Ps2 = P(Isl} + 2.*P(I) + P(1-1)
EPS(I) = ABS(PS1/PS2)
3 CONTINUE
EPS(1) = EPS(2) -
EPS(IMAX) = EPS(IMl)
SMOOTE OUT PRESSURE COEIFFICIENT
DOA4ATI =2, IM
P(I) = AMAX1( EPS(I+l),EPS(I1),EPS(I-1) )
4 CONTINUE
P(1) = P(2)
P(IMAX) = P({IM1)

i
(€
Ao e
1 DOXOI =2, IMI
1mn2 c2 = WW2X * P(I)
Nni3 ce = WW4X - AMIN](WW4X,C2)
MIiE) c22 = C2*WDT * ( SPECX(I,K) + SPECX(I+1,K) )
~11s ca4 = ~CA*WDT* SPECX(I,K)
il ic APY - Q4(I-1,F) + P{I-1})
M2ic BP = Q4(I,K) + P(I)
1hi8ic BPP = Q4(I+1,K) 4 P{I+1)
1119 : DIS1(1,1) = €22* ( Ql(I+1,K) - QL(I,K) )
1120 DIS1(1,2) = €22 ( Q2(I+1,K) - Q2(I,K) }
1128 DIS1(I,3) = C22* ( Q3(I+1,K) - Q3(1,K} )
1122 DIS1{I,4) = €22+ ( Q4(I+1,K) - Q4(1,K) )
1123 ;¢ DIS1(1,4) = C22* { HPP - BP )
1124 DIS2(I,1) = Cé4 = ( Q1(I+1,K) - 2.%Q1(1,K) + QI{I-1,K} )
1125 DIS2(1,2) = C44 * ( Q2(I+1,K) - 2.*%Q2(I,K) *+ Q2(I-1,K) )
1126 DIS2(1,3) = C44 * ( Q3(I+1,K) - 2.%Q3(I,FK) + Q3(I-1,K) )
2z DIS2(1,4) = C44 * ( Q4(I+1,F) - 2.*Q4(I,K) + Q4(I-1,K) }
1128 ;¢ DIS2(I,4) = C44 * ( BPP - 2.*HP + HPM )
1129 10 CONTINUE
T30 B.C. TREATMENT
i) QQ({1) = Qi(2,K) ~ Q1(1,K)
132 QQ(2} = Q2(2,K) ~ Q2(1,K)
1133 QQ(3) = Q3(2,K) ~ Q3(1.,K)
34 QQ(4) = CG4(2,K) ~ Q4(1,K)
(1138 te QO(4) = Q4(2,K) + P(2) - Q4(1,K) - P(I)
136 DO 15 N4 =1, 4
) 537{ c2 = WW2X*P(1)
138 c22 = C2 * WDT * { SPECX(1,K) + SPECX(2,K) }
1139 DISY(1,N4) = C22 * QQ(N4)
“1140 DIS2(¢1,N4} - 0.
[, l:; 15 DIS2({IMAX.N4) = O.
A < )
1143 pO16 1 =1, IM
______ 44 DIS3(I,1) = DIS1(I,1) + DIS2(1+1,1) - DIS2(I,1)
A5 DIS3(1,2) = DIS1(1,2) + DIS2(I+1,2) - DIS2(I,2)
) DIS3(1,3) = DIS1(I,3) + DIS2({I+1,3) - DIS2(1,3)
| DIS3(I,4) = DIS1(I,4) + DIS2(I+1,4) - DIS2(I,4)
i 16 CONTINUE
c
{1 c FILL IN DISSIPATION TERMS
[
152 DO 18 1 =2, IML
. 4153 DO1(1,K) = DISI(I,1) - DIS3(1-1,1)
154 DG2(1,K) = DIS3(I,2) - DIS3(I~1,2)
1188 DQ3(I,K) = DIS3(I,3) - DIS3(I-1,))
156 DQ4{1,K) = DIS3(1,4) - DISI(1-1,4)
157 18 CONTINUE
ol 23 20 CONTINUE
c
. =g? 4 X DIRECTION
[
- :gg DO 100 1 = 2 , IML
c
g; i C COMPUTE SWITCEING FUNCTION BASED ON SECOND DERIVATIVE OF PRESSURE
ic
66 DO 31 K = 2 , KMAX
| 1167, 31 P(K) = GM1 * (Q4(I,R) - 0.5°Q1(I,K) * (UCI,K)**2 + V{1,K}**2})
1168 . P(1}) = ( 4.*P(2) - P(3) ) / 3.
1169 ! DO 33 K« 2, KM
1170 PS1 = P(R+1) - 2.*P(K} + P(K-1)
1"z ; PS2 = P(K+1) + 2.*P(K) + P(K-1)
. 11722 EPS{K) = ABS(PS1/PS2)
N3 33 CONTINUE
1174 EPS(1) = EPS(2)
”;z‘ EPS(RMAX) = EPS(KM1)
ic
H;: ‘e SMOOTE OV'T PRESSURE COEFFICIENT
: ¢
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DO 34 K= 2 , R
« AMAX1( EPS(X+1),EPS(K),EPS(K-1) )

(K)

CONTINUE

P(1) = p(2)

P(KMAX) = P(KM1)

DO 52 K =2, KMl

c2 = WN2Y * P(K)

c4 = WNAY - AMIN](WW4Y,C2)

c22 = C2 *« WDT * ( SPECY(I,K) + SPECY(I,K+l) )
c44 = -C4*WDT* SPECY(I,K)

] = Q4(1,K-1) + P(X-1)

| 14 = Q4(I,K) + P{K)

npr = Q4(T,K+1} + P(K+1)

DIS1(K,1) = C22 * ( QL(1,K+1) - QL(I,K) )

DIS1(K,2) = €22 * ( Q2(I,F+1) - Q2(I,K) )

DIS1(K,3) = €22 * ( Q3(1,K+1) - Q3(I,X) )

DIS1(K,4) = €22 * ( Q4(X,K41) ~ Q4(I,K) )

DISI{K,4) = C32 * { ¥PP ~ WP )

DIS2(K,1) = C44 * ( QL(1,K+1) - 2.*QL(I,K) + QL(X,K-1)
DIS2(K,2) = C44 * ( Q2(I,K+1) - 2.°02(I,K) + Q2(I,K-1)
DIS2(K,3) = C44 * ( Q3(I,K+1) - 2.+*Q3(I,K) + Q3(X,K-1)
DIS2(K,4) = C44 * { Q4(I,K+1) — 2.*Q4(1,K) + Q4(I,E-1)
DIS2(K,4) = C44 ¢ ( EPP — 2.42P + BPM )

CONTINUE

‘B.C. TREATMENT

QQ{x) = C1(3,2) - Q1(I,1)

QQ(2) = g2(I,2) - Q2(1,1)

QQ(3) = Q3(1,2) - Q¥(I,1)

QQ(4) = C4(I,2) -~ Q4(1,1)

QQ(4) = Q4(1,2) + P(2) - Q4(1,1) ~ P(1)

DO 59 N4 «1,4

c2 = WW2Y * P(1)

€22 = C2 * NDT * ( SPECY(I,1) + SPECY(1,2) )
DIS1(1,N4) = €22 * QQ(N4)

DI1S2(1,N4) = 0.

DIS2{KMAX,N4) = 0.

DO 60K =1, KMl

DISI(K,1) = DISI(K,1) + DIS2(K+1,1) - DIS2(K,1)
DISI(K,2) = DIS1(K,2) + DIS2(K+1,2) - DIS2¢K,2)
DIS3(K,3) = DIS1(K,3) + DIS2(F+1,3) - DIS2(FK,3)
DIS3(K,4) = DIS1(K,4) + DIS2(K+1,4) - DIS2(K,4)
CONTINUE

FILL IN DISSIPATION TERMS

PO 65 K = 2 , KML

DQ1(1.K) = DQl{(I,K) + DIS3(K,1) - DIS3(K-1,1)
DQ2(1,.K) = DQ2(1,K) + DIS3(K,2) - DIS3(K-1,2)
DQ3(1,K) = DQ3(I,K) + DIS3(K,3) - DIS,(K-1,3)
DQA(I,X) = DQ4(I,K) + DISI(K,4) ~ DIS3I(K-1,4)
CONTINUE

CONTINUE

RETURN

END

-
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R

LINE #

"y 5 SUBROUTINE SPECR(ISPEC)

}—M-L;gA C.""‘.""".‘l..."““.'"'.-..".'I-..'-“"'."".-..."'-"'."
[ .

:]j% ] c SUBROUTINE SPECR .
Ce *

ﬂ”‘s Gt AR et AN RN et R RSSO NA I IR I NRE NPT URARI PO IR RRA GOV RRARCINRRR

PARAMETER (1X=180,kx=60)

COMMON/PAR /GAMMA , REYREF , ALFA , ALFA1 , REDFRE , AMINF , ALFAT
COMMON/DGR: D/DT, IMAX , KMAX , ITEL, ITEU

COMMON, 1X/ XIX(IX,KX),XIZ(IX,KX),ZETAX(IX, KX}, 2ETAZ(IX,KX)

1 ,XIT(IX,RX), ZETAT(IX,KX)

COMMON,/FLOK/QL (IX,KX),Q2(IX,KX),Q3(IA.KX),Q4 (IX,KX)

COMMON/RADIUS,/ SPECX(I1X,KX),SPECY(IX, KX)

COMMON/SPEED/ U(IX, KX}, V(IX,KX),AA(XX,KX)

COMMON/GRID/YACOB(IX,KX)

“QAXS SUBROUTINE COMPUTE THE SPECTRAL RADIUS FOR SCALING TRE
EIPLICIT AND IMPLICIT DISSIPATIONS

_ﬂ(}ﬂd

oy

v(1,K) 2 / QuIK)

V(l.l) = Q3(I.K} / Q1(I,K)

AA(T,K)= GAM * ( QA(I,K)/QI(I,K) - 0.5+(U(I,K)3*2 + V(I,K)**2) )
IP(AA(I,K}.LT.0.) PRINT*, 'NEGATIVE A*A = ', AA(I,K),' AT *,1,K
CONTINUE

l\

w

COMPUTE IMPLICIT DISSIPATION SCALING
SPECX » SPECTRAL RADIUS FOR XI-DIRECTION
SPECY = SPECTRAL RADIUS FOR ZETA-DIRECTION

IF(ISPEC.EQ.1) THEN

po 20 K = 1 , KMAX

DO 20 1 = 1 , IMAX

SPECX(I,FK) = 1. / YACOB(I,K)

SPECY(I,K) = 1. / YACOB(I,K)
20 CONTINUE

ELSEIF(ISPEC.EQ.2) THEN

po 306 x = 1 ,

po 30 1 = 1 , IMAX
TCON = U(T,R)*XIX¢I,K) + V(I ,K)eXIZ(I,K) + XIT(I,K)
VCON e U(I,F)*ZETAX(I,K) + V(I,K)*ZETAZ(I,K) + ZETAT(I,K)

SPECX(I,X) = ABS(UCON) / YACOB(I,K)
SPECY(1,K) » ABS{VCON) / YACOB(I,K)
30 CONTINUE

ELSEXIF(ISPEC.EQ.3) THEN
po 40 kK = 1 ,
DO 40 I = 1 , IMAX
UCcoN = U(I,K)*XIX(I,K) + V(I,K)*XI2(I,K) + XIT(I,K}
VCON = U(I,K}*ZETAX(I,K) + V(I,K)*ZETAZ(I,K) + ZETAT(I,K)
112 = XIX(I,K)**2 * XI2{I,K)**2
ZETA2 = 2ETAX(I,K)**2 + ZETAZ(I K)**2
SPECX(I,F) = (ABS{UCON) + SQRT(AA(I,K)*XI2) ) / YACOB(I.K)
SPECY(I,K) = {ABS{VCON) + SQRT(AA(I,K}*ZETA2} } / YACOB(I,K)

40  CONTINUE

ENDIF

RETURN

=D
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SUBROUTINL EIPBC(CL)

GOt et N AN I PPN KR RGP P E NN R LS IRARU GV ECERRICCPRARRACOSNARKAG G CEARNNEGEE

1 Ce .
00 | c* SUBROUTINE EXPBC :
c‘

c".l'.."‘."""..l.""'.I"""I..'Q"'..‘."l‘ll.'"‘Ill.‘..“lI
PARAMETER (IX=180,kx=60)

COMMCN /SURF/PSUR(1X)

COMMON/GRID1/X (IX,KX),2(1X,KX)
COMMON/PAR/GAMMA , REYREF , ALFA , ALFAL , REDFRE , AMINF
COMMON/DGRID/DT, IMAX , KMAX , ITEL, ITED
COMMON/GRID/YACOB (IX, KX }

COMMON /DAMP/WW , WWI , WW2X , NW2Y , NHAX , WN4 Y

COMMON /MTRIX/XIX(IX,KX),XIZ(IX,KX), ZETAX(IX,KX),ZETAZ(IX,KX),
1XIT(IX,KX),ZETAT(IX,KX)
COMMON/FLOW/Q1(1X,KX),Q2(IX,KX),Q3(IX,KX), Q4 (IX, KX}
COMMON/SPEED/ U(IX,KX),V(IX,KX),AA(IX, KX)
COMMON/IN1TI/UINF, VINF

COMMON/BC LOG /CIRCOR

COMMON/LOGIC/RSTRT, PITCE , RAMP

LOGICAL RSTRT,PITCH, RAMP

LOGICAL CIRCOR

DIMENSION C1(4)

DIMENSION A(2,2),RES(2)

DATA PI1/3.1415927/

DATA CBORL/1./

GAMI = 1. / GAMMA
GAMY, = GAMMA -~ 1.
GAMMI = 1. / GAMM

INVISCID AND VISCOUS B.C. ON SOLID WALL

0ooaq

DO 1 I= ITEL , ITEV
Ke=3
Cl(1) = XIT(I,K)

€1(2) = XIX(I.X)
C1(3) = X12(1.X)
UCON3 = (Q2(1,K)*C1(2)+Q3(I,K)*C1(3))
1/01(1,K
K =2 .
Cl(1l) = XIT(L.K)

Cl(2) = XIX(I.K)

C1(3) = XI2(I,K}

UCON2 = (Q2(1,K)*Cl(2)+Q3(I,K)*C1(3})
1/Q1(1,K}

RES(1) = 2. * UCON2 ~ UCON3 - XIT(I,1)

1344 ; ¢ POR VISCOLS FLOWS SET UCON TO ZERO ALSO

T
anNnoo

SEEEEIaRRERISES

PVNAWN=OOBNAV AWN -

IF(REYREF GT.0.) RHS{1) = - XIT(I1,1)
A(1,1) = XIX(1,1)
A(1,2) = XI2(1,1)
A{2,1) = 2ETAX{1.1)
A(2,2) = ZETAZ(1.1)
RBS(2) = - 2ZETAT(1,1)

= A(1,1)

= A(1,2}

= A(2,1)
TEMP4A = A(2,2)

1. /{TEMPY * TEMP4 - TEMP2 * TEMP3)

= A(2,2) * DEN

A(1,2) = - TEMP2 * DEN

= - TEMP3 * DEN
A{2,2) = TEMP1l * DEN
01(1,1) = 2. = Q1(1.,2) - Q1(1,3)
Q2(1,1) = QI(I,1)~(A(1,1)"RBS(1)+A(1,2)*RES(2))
Q3(1,1) = Q1(I,1) *(A(2,1)*RES{1)+A(2,2)*RHES(2))
CONTINUE
DO 10 I=<ITEL ,ITEV
P2nGAMM* (Q4(1,2)-0.5"Q1(F,2)*(U(I,2)*v24V(T,2)*22))
P3=GAMM* (Q4(1,3)-0.5%Q1(1,3)*(U(L,3)**2+4V(1,3)9*2))
Pl=(4.*P2-P3)/3.
PSUR(I )= (GAMMA*PI-1.)/(.7*AMINF=*2)
10 Q4(1,1)=P1/GAMM+0.5%QL(1,1)*(U(I,1)**24V(1,1)*e2)

-

FAR FIELD BOUNDARY CONDITION ONLY FOR STEADY FLOW

ano

CIRC = 0
IF(PITCH.CR.RAMP) GO TO 999
IF(AMINF.GT.1.) GO TO 65

CIRCULATION CORRECTION AT TBE FAR FIELD 1S BASED ON POTENTIAL
VORTEX

nann

BETA = SQRT( 1. - AMINF**2 )
IP(CIRCOR) CIRC = 0.25 * CHORD * CL * BETA * AMINF / PI

4]

COSAL
SINAL
AINF
BINF

COS(ALFA)
SIN(ALFA)

1.
GAMMI + 0.5 * AMINF*+2
CIRCQ = CIRCULATION CORRECTION QUANTITY

noon

X = EMAX

DO 60 I = 2 , IMAX-1

XLOC = X(1.K) - IREF

210C = 2(1,K)

RADIUS =~ SQRT( XLOC**2 + ZLOC**2 }
= ATAN2(2LOC,310C)
= CIRC / ( RADIUS * ( 1. -~ (AMINF*SIN(ANGLE-ALFA)}**2 ) )
= UINF + CIRCQ * SIN(ANGLE)

VF » VINF - CIRCQ * COS(ANGLE)
~ GAMM * ( BINF ~ 0.5+( UF*+2 + VF*¢2 } )
» SQRT(AFSQ)

NONREFLECTING B.C. BASE ON 1-D RIEMANN INVARIANTS
SBTXN, IETIN = NORMALIZED NORMAL VECTOR

ANOR = 1. / SQRT( ZETAX(I,K)**2 + ZETAZ(I,K}**2 )
ZETXN = 2ETAX(I,K) * ANOR
ZETZN = ZETAZ(I,K) * ANOPR

CBECK FOP INFLOM OR OUTFLOW

FOR INF17%- R1, VELT, ENTROY ARE SPECIFIED AS FREE STREAM VALUES
R2 18 EXTRAPOLATED

FOR OUTFLOW: Rl 185 SPECIFIED AS FREE STREAM VALUE
R2, VELT, ENTROPY ARE EXTRAPOLATED

NNNNNOO

RBOEXT = Q1(J.K-1)
RAOT =] ' Q(I.X-1)




SOURCE PROCRAM DATE 1720790 PACE ¢
nse2d.f
LINE # SOURCE TEXT
1417 UEXT = ~:(1,K-1) * RAOI
418 VEXT = 43(1,E-1) * REOI
L1419 EEXT = Q4(1,K-})
) :g? PEXT = GAMM * ( EEXT - 0.S*RNOEXTs( UEXT**2 + VEXT**2 } }
[ 1421 . ¢
1422 i C SET RIEMANN INVARIANTS R1, AND R2
|:§2 c VELN = NORMAL VELOCITY, VELT = TANGENTIAL VELOCITY
L1424 t C
[ 1425 Rl = 2ETAN * UF + 2BTZN * VF - 2. % AF * GAMMI
1426 R2 = ZETAN * UEXT + ZETZN * VEXT + 2. * SQRT( GAMMA °* PEXT /
B 37; 1 REBOEXT } * GAMMI
1430 €
L.} VELN = { Rl + R2 ) * 0.5
430 SPSQ = ( R2 - R1 } ¢ GAMM ¢ 0.25
35 A2 = SP5Q**2
2 i ¢
] 33 c SET OTHER FIXED OR EXTRAPOLATED VARIABLES
.14 c
1435 IF(VELN.LE.O.) THEN
1436 | VELT « ZETZN * UF - ZETXN * VF
% 437 . ENTRO = GAMMA
“4 g.‘! ELSE
1439 ; VELT = 2ETIN * UEXT - 2ETAN * VEXT
1440 | ENTRO = RHOEXT**GAMMA / PEXT
o
c
::ﬁ v%c NOW COMPUTE FLOW VARIABLES
1444 1 C
1445 U(3I,K) = 2ETIN * VEIN + 2ETIN * VELT
1446 V(I,K) = 2ETIN * VFIn - ZETXN * VELT
1447 | Q1(I,K) = ( A2 ¢ ENTRO * GAMI ) ** GAMMI
1448 ! PRESS = A2 * QL{I,K) * GAMI
1449 Q2(I,K) = QL(I,K) * W(I,K)
1450 ; Q3(1,K) = QL(I,K) * V(I,K)
1451 ; Q4(1,K) = PRESS*GAMMI + 0.5 * Q1(I,K} * ( U(I,K)}* % + V(I,K}**2 )
1452 ¢ 60 CONTINUE
1453 : GO TO 67
::2; 65 CONTINUE
i
::gg i c B.C. FOR SUPERSONIC FLOW
ic
1458 | K = KMAX
1459 DO 66 I = 2 , IMAX-1
1460 RHOI = 1. / QI(I.K)
1461 U(I,K) = Q2(!,K) * RBOI
1462 V(I.K) = Q3(I,K) * RBOI
L1463 ANOR = 1. / SQRT( 2ETAX(I,K)**2 + ZETAZ(I,R)*+2 )
1464 ZETXN = ZETAX(I,K) * ANOR
1465 ZETZN = ZETAZ(I,K) * ANOR
1466 VELN * LETXN * U(I,K) + ZETZN * V(I,K)
1467 : IF(VELN.GE.O.) THEN
1468 QL(1.K) = Ql(I,K-1)
1469 Q2(I,K) = Q2(1,K-1)
1470 Q3(I,K) = Q3(1,K-1})
1471 ; O4(1,K) = Q4(I,K-1)
1472 - ENDIF
::;3 66 CONTINUE
ic
:4;2‘ 67 CONTINUE
476 . C
::;Z :C OUTFLOW B.C. AT TBE DOWNSTREAM OF C-GRID ONLY FOR INVISCID FLOW
.c
::Zg ! IF(REYREF.LT.0.) THEN
; I=1
1481 IPl = 1
:::23’ SIGN = -1.
ic
:::; ic CHECK FOR SUPERSONIC FLOW
I
I:ggf IF(AMINF.GT.1.) GO TO 75
] i C
1488 72 CONTINUE
::gg DO 74 X = 1 , EKMAX
ic
::g; ic CORRECT FREE STREAM VALUES WITH CIRCULATION CORRECTION
. i C
|4931 XLOC = X(I,K) - XREF
1494 210C = 2(1,K)
1495 | RADIUS = SQRT( XLOC**2 + ZLOC++2 )
1496 ANGLE = ATAN2(Z10C,XLOC)
1497 | CIRCQ = CIRC / ( RADIUS * ( 1. - (AMINF*SIN(ANGLE-ALFA)}**2 ) )
498 UF = UINF + CIRCQ * SIN(ANGLE)
499 i vF = VINF - CIRCQ * COS(ANGLE)
1500 | AFSQ = GAMM * ( HINF - 0.5°( UF**2 + VF**2 ) }
gg 5 i AF = SQRT(AFSQ)
| c
... zgi C XIXE, XIZB = NORMALIZED HORIZONTAL VECTOR
<
505 ANOR = 1. / SQRT( XIX(I,K)**2 + XIZ(I,R)**2 )
506 : XIXE = XIX(I,K) * ANOK
507 . XI1ZR = XIZ(I,K) * ANOR
508 i c
509 REOEXT = Q1(I1+1P1,K)
510} RBOI = 1. / Q1(I~+IP1,K)
15014 ; UEXT = Q2(I+IP1,K)
15121 VEXT = Q3(1+IP1,K)
1513 EEXT = Q4(I+IP).K)
:2:; i c PEXT © GAMM * ( EEXT ~ O.5*REOEXT*( UEXT**2 + VEXT**2 ) )
:g:g ic BET RIEMANN INVARIANTS R1, AND R2
. €
1518 Rl = XIIH * UF « XI2B * VF - SIGN * 2. * AF + GAMMI
1519 R2 « RIXB * UEXT + XIZB * VEXT + SIGN * 2. ¢ SQRT( GAMMA * PEXT /
:gg? ! c 1 RBOEXT ) * GAMMI
1522 VELN = { R1 + R2 ) * 0.5
1523 | SPSQ = SIGN * ( R2 - Rl ) * GAMM * 0.25
lé%;. A2 = $P5Q*°2
ic
:zgg ' g SET OTBER FI1ED OR EXTRAPOLATED VARIABLES
1528 ' IF(SIGN*VELN.LE.0.) TBEN
1529 VELT = -XIZE * UF + XIXH * VF
1530 ENTRO = GAMMA
1531 ELSE
1532 VELT « -XIZR * UEXT + XIXR * VEXT
lg!;. ENTRO = RBOEXT®*GAMMA / PEXT
| ;; ENDIF
' c
1,36 ¢ COMPUTE FLOX VARIABLES




SOURCE PROGRAM DATE 1/20/90 PAGE #
nseZd-f TIME  11:4604 am ' 9

SOURCE TEXT

H U(I,FK}) = XIXB * VELN - XI2H * VELT
1539 © V(1,K) = XIZB v VEIN + XIIXB * VELT

"1540 QL(I,K) = { A2 * ENTRO * GAMI ) ¢¢* GAMMI
| 154) | PRESS = A2 * Q1(I,K) * GAMI
1542 : Q2(1,K) = QI(I,K) * U(I,K)
1543 QI(I,K) = QL{I,K) * V(1,K)
| 1544 Q4(I,K) = PRESS*GAMMI + 0.5 * QII,K) * ( U(I,R)**2 + V(I,K)**2)
1545 ¢ 74 CONTINUE
1546 ¢ IF(I.EQ.IMAX) GO T0O 79
1547 ¢ I = IMAX
1548 IPL = -1
1549 SIGN = 1.
1550 GO TO 72
15581 79 CONTINUE
| 1552 GO TO 89
1s53ic
mHII B.C. YOR SUPERSONIC FLOW
15551 ¢
1556 75 CONTINVE
[ 71557 PO 84 X = 1 , KMAX
15581 ¢c
1559 RECI =~ 1. / QI(I,K)
1560 U(I,K) = Q2(I,X) * RBOI
1561 : V(I,K) = Q3(I,K)} % RHOI
‘1562 ] ANOR = 1. / SQRT( XIX(1,K)**2 + XIZ(I,R)}**2 )
1563 | XIXH = XIX(I,K) % ANOR
_1564 ; 2Y28 = XIZ(I,K) * ANOR
1565 VELN = SIGN * ( XIXE » U(I,K) + X128 * V(I,X) )
1566 i ¢
1567 IF(VELN.GE.O.) TREN
1568 TQI{1.K) = QI(I+1P1.K)
1569 : Q2(I.K) = Q2(I1+IP1,K)
1570 ; Q3(1.K) = Q3{I+IP1,K)
A571 Q4(1.K) = Q4(I+IP1,K)
1572 ENDIF
1873 ° 84 CONTINUE
1574 1F(I.EQ.IMAX) GO TO 89
1575 ° I » IMAX
1576 IPl = ~1.
1577 SIGN = 1. .
1578 GO TO 75
1579 | 89 CONTINUE
1580 ' ¢
:gg; ic DOWNSTREAM B.C. FOR VISCOUS FLOW
- C
1583 ° ELSEIF(REYREF.GT.0.) THEN
1584 ; C
1585 ' ¢ OUTFLOW B.C. FOR VISCOUS FLOW
1586 , ¢ RBO, T AND V ARE SET PG THE VALUES OF TBE NEXT INTERIOR POINTS
:z:; . C PRESSTRE 1S EXTRAPOLATED AND THEN COMPUTE ENERGY (Q4)
. €
1589 DO 100 K = 1 , KMAX
1590 . I =1
1591 | Ql(1,¥) = Ql(I+1.K)
1592 Q2(1,K) = Q2(1+1,FK)
1593 Q3I(I,K) = Q3(I+1,K)
1594 PEXT = GAMM * ( Q4{I+1,F) - 0.5 * (Q2(I-1,K)**2 + Q3(I+1,K)**2)
1595 1 / Q1(1+1,K) )
1596 Q4(I.F} = PEXT-GAMM + C 5 * { Q(I,K)**2 » Q3(I,K)**2 ) / QU(I.X)
1597 I = IMAX
1598 QI(I.K) = Ql(I-1.K)
1599 Q2(1.K) = Q2(I-1.K)
1600 Q3(1,R) = QI(1-1,K)
1601 PEXT = GAMM v ( Q4(I-1,K) - 0.5 « (Q2(I-1,K)**2 ~ Q3(I-1,K)**2)
1602 | 1 / Ql(I-1,K) )
1603 Q4(1.%) = PEXT/GAMM + 0.5 * ( Q2(1,K)**2 » Q3(I1,K)**2 ) / QI(I,K)
1604 | 100 CONTINLE
1605 : ¢
| 1606 ENDIF
1607 | ¢
}%g . C AVERAGE FLON VARIABLES ACROSS WAKE CUT (FOR C-GRID)
iC
1610 © 999 CONTINUE
1611 ; po 120 ¥ = 1 , ITEL -1
1612 IV = IMAX ) - 1
1613 QIAVG = 0.5 * ( Q1(I,2) + Ql{IL,2) )
1614 Q2AVG = 0.5 ¢ ( Q2(1,2) = Q2(IV,2) )
1615 . Q3IAVG = 0.5 ¢ { Q3(I.,2) + QI(IL,2) )
1617 QltI.1) = QIAVG
1617 Ql(iV.1) = QLAVG
1618 Q2(1,1) = Q2AVC
1619 Q2(It,1) = Q2AVG
1620 ! 03(1,1) = Q3AVG
1621 ; Q3(IV,1) = Q3AVG
1622 PSLOW = GAMM * ( Q4(I,2) - 0.5 * ( Q2¢I,2}**2 + Q3(X,2)+%2 ; /
1623 | 1 01(1,2) )
1624 PSUPP = GAMM * ( Q4(IU,2) - 0.5 ¢ { Q2(I1.2) *2+Q3(IU,2)**2 } /
1825 ¢ 1 Q1(1U,2) )
1626 PSAVG = 0 5 * ( PSLOW < PSUPP )
1627 | Q4AVG = PSAVG , GAMM + 0.5 * ( Q2(I,1)**2 + Q3(I,1}*%2 ) /
1628 - 1 Q1(1,1)
1629 : Q4(1.1) = Q4AVG
1630 | Q4(IU.1) = QEAVG
1631 120 CONTINUE
1632 RETURN
1633 END




SOURCE PROCRAM
DATE 1720/90 PACE #

nse2d.f

:g;; l c.""fumvﬂnz STRESS(ITN) SOURCETE
lsss | c' RAGPI R T AN ARC I CAIRARAC PPN ERACCE TN R NAOE P IR APASIANNENCOOINEROGO W
=g§; ; g: SUBROUTINE STRESS :
|639:c---nc-'n-:no--u- .
:g:(') Pmﬁio(xx.;;;:;;:;;;.'."'"...“‘..""'..'..."..'."".‘
: COMMON. W/QL (1X,KX),Q2(1X,¥X),Q3(IX :
{::g W/Dc{uo/b-r,tm,mu,lnx.!in& xR B
1843 cm/cn.m/xux,n),z(xx,u)
1648 OMMON /PAR /GAMMA, REYREF ,ALFA, ALFAL , REDFRE , AMINF , ALFAT
1645 . cm;:g:gg}ogixi,n),vux,xm,u(u,xx, !
: COMMON (IX,KX),DQ2(IX, ;
:::;6 gm{&’“:’cm(l"‘x;’ (IX,KX),DQI(IX, KX),DQ4(iX, KX)
X RHE1(1X),RE2(IX),RE3(IX), RE
::;31 COMMON/LOGIC/RSTRT , PITCH , RAMP b
16301 . LOGICAL RSTRT,PITCH,RAMP
»'}52-7 c TAIS SUBROUTINE ADDS VISCOUS TERMS 10 THE RIGET NAND SIDE
l,:,“i 'c: ©MUL = LAMINAR OR MOLECULAR VISCOSITY
}:ggt CMUL = AMI. ° / REYREF '
1636, c CALL EDDY (CNUL)
- ; « KMAX - 1
:ggg: IMAZM1 = IMAX - 1
! le PR 1.
el ie COMPUTE TXX,TR :
reelic ,TXY AND VISCOUS DISSIPATION AT I -~ 1 / 2
:ggi DC 30 K = 2 , KMAXM1
jees, DO 20 I = 2, IMAX
665 | UXI = U(1,K} - L I-1,K)
1 g VX1 « V(I.F} - V(I-1,K)
1667 : :'.xz = AA(I.K) - AA(I-1.K)
1668 . vig: g:tt’g::};-tur vsI-1,K+1)-U(1-1,K-1))
1665 2ET> .25 . -V(I,K-1).\ . 1-1,K+41)-V(1-1,%-1
1979 ;;II:T. x?: ;?Ailiﬁn—:?u,x-nau(i-x,x«x)-u\(:—ﬂ;q))
:g;§ ;Jzu = 2{1.K) - z(x—xzx)
1674 L I N S TR
.25 , -2{1,K-1)+2(1-1,K~1)-2(1-1,K-
:g;é YAC = XX1 * Z2ET - IXI * xzr:*r) (b BRI
|677. YAC = 1. YAC
|678' XIX = 2ZET * YAC
1678 . ZETAX= - IXI * YAC
1679 XIZ = -X7ET * YAC
1680 . g:nzs XN * YAC
- { S v {CMU(T,K) + CMU(I-1,K CMU ‘
:ggﬁ i N AL B L L L ot
1683 VX = VX] * XIX + VIET * ZETAX
1684, AX = AXI * RIX + AZET + ZETAX
1685 32 = UXI * X1I + UZET * ZETAZ
1686 . Az = VAl * X1Z « ET * ZETAZ
1ea7. rix - A?I" X1 + AZET * 2ETAZ
) = —(-4. * UX + 2. % VZ) *+ CNM
1650 TEY = cNn v (U2 VE) : /3 ’
. = -CN¥ /3. v (4. + V7
169} " ¢ RE = (U MR
; CUCT, Xy sUT=1, X))o TXX>qv (1 -
:gg§ g s ‘ S ; LUK )T :»’(u,x)wu 1,K))TXY)*0.5
H & (T, R)4U(I-1 ) TXY+(V -+
1oa3: S . S 1 (V(I,K)+V(I-1,K))*TYY}*0.5
:ggéc DEBLC 3 PR / (GAMMA - 1.1 v AZ
1667 . C R‘:’UTNOOFF ENRGY DISSIPATION AND DIFFUSION
1698 s4 = 0.
:;gg REI(I) = O.
1700, RE2{I) = (XIX *+ TXX + XIZ * TXY) / YAC
‘702, REI(I) = (XIX * TXY < XI1Z * TYY) / YAC
“'703 20 RH4(I) = (XIX * R4 =~ XIZ * S4) / ‘YAC
|7°‘, DO 30 1 = 2 , IMAXM:
1704 m;(x,x) = DQL(1.K) - RE1({I-1) - RE1(I)
1705 . oolu,n = DQ2(1,K) + RA2(1+1) - RB2(1}
e mMIn DM L
,:;83'; 30 CONTINUE (1-K) = RAGUISD) - RAMD
'“g ic IN THE I DIRECTION
1. DO 70 I = 2, IMAXMI
45y DO 60 X = 2, KMAX
1212 g; - gg : (5(1‘1,!)—0(]—1,[)*“10],K-l)-l:(l-l.,l—-l))
e VI - .25 (V(I+1,K)-V(I-1,¥}=V(1+1,K-1}-V(I-1,E-1)}
ms; XXI = .25 » :x;f;li:);x(i—};nzuuq'l-”_M”_l'K—l”
. H I - .25 JK)=X{I-1, 1+1,K-1)-X(1-1,K-1
. (Z(I+1 ®)-2(I-1,K)+2 DEaaaan
%’;:“ UZET = U(I.K) - =(1,K-1) e
s VZIET » V(I.K) - ¥(I,K-1}
1312 AZET = AA(1,K) - AA(I,K-1)
1330/ X1ET = X(I,K) - X(I,K-1)
1221 22ET = 2/1,K) - 2(I,K-1)
1722 YAC = XX1 ¢ ZZET - 2¥1 * XZET
1723, YAC = 1. / YAC
13281 XIX = ZZET * YAC
”26; ZETAX= - ZX1 * YAC
1328 ZIZ = -XIFT ¢ YAC
1322 LTETAZ= XXI * YAC
i CNM = ( .5 * (CMU(I,K) + CMU(I,R-1 y
353@ -l AR L 1 i A LU
1730, VI = VKI * XIX + VZET * ZETAX
133 AX = AXI ¢ XIX + AZET * ZETAX
12321 U2 = UXI * XIZ + U2ET * 7ETAZ
1233 V1 = VEI * XIZ 4 VIET * LETAZ
1738 AZ = AXI * XIZ + AZET * 2ETAZ
1732 TXX = —(-4. * IX + 2. ¢ VL) ¢ CNM 3
1736 TIY = NV ¢ (UZ + VX) ’
1738 ¢ ::Y . ﬂ?x/ll'v'x(“' ALY
i YAU(T, -1} )2 TXX+(V - .
1730 ¢ s Ao ot P e e s
t LR)SU(T,E-13) PTXY+{V (1, E)4V -
:;:} i c 1" LRy (GAMOA - 1‘§ i (1K1 TmTo. 3
1743 sS4 =0
1765 Rmsik) - G
(K) = (ZETAX * TXX + ZE
4 TAZ * TXY
:;‘!75 ‘o :n(x) = (ZETAX * TXY + ZETAZ * m; 5¥ﬁ§
(ra7. B4(K) = (ZETAX ¢ R4 + ZETAZ * $4) / YAC
1748 DO 70 K = 2 , KMAXML
1749 gg;:}:) T DQL(IE) + RMI(K+1) - RBI(K)
1750 DO"I’I) DQ2(1.F) + RE2(K-i) - RH2(F)
1782 DO‘IK:K: - gg:(i:) + RB3(K+1) - RH3(FK)
1753 70 CONTINUE (1-F) 2 RBACESL) - REACE)
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SOURCE PROCRAM

SOURCE

DATE

1720/90 | Pacee

TIME

11:46:04 am
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SUBROUTINE LOAD(CL,CDP,CDF,CM ALFAS,XREF)

c--cttlilcn"n--‘o'-‘:--tttO'ttltct")ln'tt"nn-cogv'l-lccvt'vtncoo'

(3] *
c* SUYBROUTINE LOAD .
cr »

e R AN s e IraIResr et e Ras e teRERteeetaRRANOERRNRICOeERIERIVOIETURRASIORURY
PARMAMETER (1X=180,kx=60)
COMMON /GRIDL/X(IX,KX) ¥ {IX,KX}
COMMON/SKINCF/CE(IX)
COMMON /DGRID/DT, IMAX, KMAX, ITEL, ITEU
COMMON/SURF/PSUR(IX)

THIS SUBROUTINE COMPUTES YEE INVISCLD CONTRIBUTIONS
TO LOADS ON THE AIRFOIL SURFACE

aonnn

CL = 0.
cD = 0.
CDF = 0.
cM = 0.
DO 300 I = ITEL , ITEVU ~ 1
DX = X{I+1,1} - X(I,})
300 CDF = CDF + ( CF(I) + CF(I+1) ) * 0.5 * DX
DO 400 I = ITEL , ITEVU ~ 1
IL = .5 ¢ (X(1,1)+X(I+1,1})
YL = .5 & (Y(I,1)+Y(1+1,1})
DX = X(I+1,1) - X{I,1)
DY = Y(I+1,1) - Y(I1,1)
CPA = PSUR(I+1) * .5 + PSUR(I) * .5
DCL = CPA * (-DX}
DCD = CPA * DY
CL = CL + DCL
Ccn = €D + DCD
400 CM = CM + DCD * YL - DCL * ( XL - XREF )

DCL = CL * COS({ALFAS) - CD * SIN(ALFAS)
CDP = CL * SIN(ALFAS) 4 CD * COS(ALFAS)
CL = DCL

RETURN

END




SOURCE PROCRAM

nse2d.f

SOURCE TEXT

DATE

1/20/90

TIME

11:46:04 am

PACE ¢

23

__"._..__"_-;ﬁ_é.;_.._."-;"-—

sageazes

1

Wi = O

00 0000 00 00 G0 0D 0O OV 03 00 00 OV:00 0B GO OF OF 000D OF, 00 09 00

WA W AN NI A NN AN N AR N A e o o s e e e’ e s

834

WRN=—OWONAVAWN —OOON AV A

1796 ; SUBROUTINE WRAP(11,JJ,XSING,YSING,XP,YP,S0,A0,Y0)

wl797 e A R L R T e e I T T T L T T YL L PRy

1798 ¢ .

1799 ; ¢+ SUBROUTINE WRAP +
800 : ¢~ .

T AR R T R GG v e R R R I PP T AN RGP PPN NTAP PPN LA R L AP ERRRA PPN ERRTC IS TRNY

(s XsXeKs¥s}

an

9

~

1000
2000

PARAMETER (1X=180,Kkx=60)
DIMENSION SO(IX,4),Y0(60,4),A0(IX,4),XP(1),YP(1}

TAIS SUBROUTINE UNWRAPS THE AIRFOIL AND STORES THE UNWRAPPED
SURFACE IN ARRAYS AC AND 50. 1T ALSO DETERMINES THE STRETCEING

IX YHE ETA DIRECTION.

INID = (11 + 1) / 2

DY = .8/ (3] - 2)

DO1J 2,3

Y = FLOAT(J-2) * DY

YO(J,1) = 1.25 * ¥ / (1. =Y * Y)
YO(1 , 1) = - ¥0(3,1)

PI = 4. * ATAN ( 1.)

ANGL = PI + PI

U = IP{1) - XSING

P(1) - YSING

DO 21 =1, II

X1l = XP(I) - XSING

Y11 = YP({1) - YSING

ANGL = ANGL + ATAN2{(U*Y1l1-VeX1ll),(U*X11+4V*Y1l1))
R = SQRT{X11%42 + Y1l1*+2)

U = X11
v o=Yll
R = SQRT(R)

AO(I,1) = R * COS{.5 * ANGL)

SO(I,2) = R * SIN(.5 * ANGL)

WRITE (6,1000) )
WRITE (6,2000) (I,A0(I,1),S0¢I,1),1 =1 , I1)
RETURN

FORMAT(1X.'UNKRAPPED COORDINATES IN THE TRANSFORMED PLANE')

FORMAT(15 , 2F20.8)
END




SOURCE PROCRAM

nse2d.f

SOURCE TEXT

PACGE #

TIME  11:46:04 am

EEEEEESERREEEE RN
ZEEaoEEeITTEEEe

IRER

i

] SUBROUTINE TABINT(XP,YP,XSING,YSING N)
cl""')l...‘.“l'."|lll.."‘lll'."'llll'."‘tl.l..‘lll""".ﬁ...'
[ *
c SUBROUTINE TABINT .
1 3
c'lll'.l"‘l"."'Il"..'."."."('Il.'."l!l.".l'IIl.'ltl"""‘lll
PARAMETER (IX*180,kx=60) :
DIMENSION XP(IX),YP{IX),SO(IX),AC(IX)
T = XP(1l) - XSING
vV = YP(l) - YSING

Ue-1.

v = 0.

ANGL = 8. * ATAN(1.)
PO 11 =1,N

X11 = XP(I) - ISING

Y1l = YP(I) ~ YSING

ANGL = ANGL + ATAN2( (U*Y11l-V*X11},(U*X114VsYll))
R = SQRT(X11%+2 + Y11 ** 2)

R = SQRT(R)
AO(XI) = R * COS(ANGL * .5)
S0(I) = R * SIN(ANGL * .5)
DX =(AO(N)-AO(1))}/96.
AOST = AO(1)
pO31=1, 97
IX = FLOAT(I-1) * DX + AOST
CALL TAINT(AO,SO,XX,YY,N,3,NER MON)
IP(I) = XX * XX - YY * YY + XSING
3 YP(I) = 2. % XX * YY + YSING
RETURN
END

-




SOURCE PROCRAM DATE  ° 1/20/90
nseZd-f TIME 1 1:46:04 am
SOURCE TEXT
70 SUBROUTINE TAINT(XTAB,FTAB,X,FX,N,K,NER,MON)
_‘ 7' c..""l..".“I...I""IC."‘Il.'."“.l.‘."lll.I'."Illl"‘llil."
18721 € .
1873 j ¢ SUBROUTINE TAINT .
1874 j - *
) 375 Ct!-"""Itlﬁ.c|I'tl.0"i!ll.t"‘nll..t.'!ll""tt'l.t.'t-llt..'tllu
PARAMETER (IX=180,kx=5J)
DIMENSION XTAB(1),FTAB(1),T(10),C(10)
4 MASA -~ AMES SUBROUTINE FOR POLYNQMIAL INTERPOLATION
g:? QF A TABULATED FtRNCTION
X IF(N-%X) 1 , 1, 2
1883 2 NER = 2
1384 RETURN
1885 | 2 IP(K-9) 3.3,1
1886 3 IF(MON) 4.4,5
1887 5 IF(MON-2) 6,7,4
1888 43 =0
1889 NML =~ N - 1
1890 DO TIe=1,NMl
[ 1891 IF(ITAB(I) - XTAB(I+1l)) 9,11,10
[ 1892 11 NER = 3
1893 | RETURN
1894 93 = J3-1
1895 GO TO 8
71896 103 = J+1
1897 | 8 CONTINUE
898 MON = 1
1899 IF(J) 12 , 6 , &
1900 12 MON = 2
_1901 70013 1=1,N
71902 IF(X - XTAB(1)) 14,14,13
1903 143 =1
190 GO TO 18
190 13 CONTINUE
1906 GO T0 15
1907 ; §DO16 I =1 , N
1908 IF(X~XTAB(I)) 16.17,17
1909 | 173 =1
1910 ; GO To 18
1911 : 16 CONTINUE
1912 153 =N
1913 183 =3 - (R+1) / 2
1914 IF(J) 19,.9,20
1915 . 193 =1
NIl 20 M= J + K
1947 ; IF(® - N} 21,21,22
1918 . 203 =3 -1
1919 | GO TO 20
1920 | 21 XPL = K + 1
1921, JSAVE = J
1922 : 26 DO 23 L = 1, KP1
1923 : C(l) = X - XTAB{J)
1924 T(L) = FTAB(J)
1925 ¢ 22 3 = 341
1926 ; DO 24 3 » 1.¥
1927 I = J+1
1928 25 T(I) = (C(J)*T(I)-C(I)*T(I))/(C(I)-C(I})
1929 1 =141
1930 | IF(1-XP1) 25,25,24
1931 : 24 CONTINUE
1932 FX = T(KPl}
1933 NER = 1
1934 ° RETURN
1935 END




SOURCE PROCRAM

nse2d.f

DATE  ~  1/20/90

TIME  11:46:04 am

PACE #

26

TG

CHD = X(1) - X(NU)
A2 = (2(2)-2(1}) 7(X(2) - X(1})

Al = (Z(N)-Z(N-1))/(X{N)-X(N-1})
TES = .5 + (Al + A2)

TEA = A2 - Al

TEA = TEA = 57.29578

XSING = (7-XLE) /2.

YSING = (B-YLE) / 2.

RETURN

END

LINE # SOURCE TEXT
36 SUBROUTINE SING(N2,N,X,2,ILE,YLE,TEA, TES,XSING,YSING,CED)
—1 ._1 c..'.“'l'..“ltli.."tll.".\“IIQ.Q"RI"."I!I'.""Ili."'!ll!." .
19381 ¢ : ¥ . .
1939} o+ : SUBROUTINE SING R *
40 | C» . o -
B DO L T LY T et b AR LR L LSRRI AL AL
42 PARAMETER (I%=180,kx=60) :
1943t ¢
1944 1
[V 5 é c TEIS SUBROUTINE COMPUTES SINGUIAR POYNT LOCATIONS.
| 1946 | C
47 | DIMENSION X(2) , 2(2)
1648 NU ~ N2
|_194¢ Nl = N2 + 1
50 1 N3 = N2 -1
19517 X1 = X(N1)
(19 21 = B(K1)
g 3 X2 = XI(N2)
34 22 = 3(X2)
__g 23 = X(N3)
23 = I(N3)
,gu Dl = X2 % 2 ~ X1 == 2
[T D2 = 22 °* 2 - Z1 *» 2
19 D3 =322 -X1
ﬂ260 D4 =22 - 21
| 196 D5 = X3 *+ 2 - X1 e 2
[ D6 = 23 *v 2 - 21 s 2
1963 D? = X3 - X
[ 1964 D8 = 23 - 21
1965 B = (D7 * { Dl + D2) - D3*(D5+D6))/(2.*(D7+D4-D3+D8))
1966 | IF(ABS{D3).LT.ABS(D?7)) GO TO 10
[ 71967 | A= (Dl + D2~ 2. =B * D4) / (2. * D3)
1968 GO TO 20
171969 10 A = (DS + D6 - 2. » B *D8) / ( 2. * D7)
[ '1970 20 CONTINUE
.197) R = SQRT((X2-A)** 2 + (Z2-B)**2)
972 ALE = X(NT}
YLE = Z(NU)




SOURCE PROGRAM DATE 1720790 | PAGE®
nse2d.f

i, PR N
S R e

SOURCE TEXT

184 | SUBROUTINE AIRPOL(IT,IE,ILE)
f" ‘s cc..nt‘.t.t..‘!0'0""'!.0""‘!'1.'Q‘lll'.'"!tl.t."l!lﬁ""!ll""'
[ 1986 ce . SUBROUTINE ATRFPOL *

5_7_ e R R R R Ry e Y R T e L L
L:*~3°~ PARAMETER (IX=180,Kkx=60)
| 1989 COMMON/GRID1 /X(IX,KX),2(1X, KX}
1990 COMMON/DGRID/DT, IMAX , KMAX , 1 TEL, ITEU
1991 COMMON /Y SYM/ISYM

192 DIMENSION SO(IX,4),A0(IX,4),Y0(60,4),XP(IX),YP(IX),
[ 1993 1E(IX) F(1X),B0(49)
[ 1994 DIMENSION XL{IX), XU(IX), YL(IX), YU(IX),
N z. 2 . XX(IX), YY(IX)

le | :

1997 ] DATA (BO(I),T=1,32)/1.,1.0414,1.0836,1.1270,1.1715,1.2175,1.2651,
1998 11.3145,1.3659,1.4199,1.4755,1.5349,1.5973,1.6636,1.7342,1.8099,
1999 | 21.8914,1.9799,2.0764,2.1829,2.3012,2.4341,2.5653,2.7597,2. 9645,

33.2106,3.5141,3.9019,4.4219,5.1687,6.3632,8.6009/

i

READ(S5,*} IBMAX,ISYM

IF( ISYM .EQ. 0 ) THEN

DO 101 1I=1,IBMAX

READ(S,*) ZU(I), YU(I), YL(I)
101 CONTINUE

ELSE

°',“?°*"'!:;“‘M

DO 102 1 = 1,IBMAX

009 | 102 READ(5,%) XU(I), YU(I)
[2010 DO 103 I = 1,IBMAX
30111 103 YL(X) = - YU(I)
012 | ENDIF
0131 e
t}0|4~ DO 1000 I=1,IBMAX
L 20151 IV = I + IBMAX
"2016° XX(IU) = XU(I)
2017 YY(IU) = YU(I)
72018 IL = IBMAX - I + 1
019 XX(X) = XU{IL)
3020 YY(1) = YL(IL)
:;OZI_ 1000 CONTINUE
0221 ¢
2023 IBMAX2 = 2°IBMAX
2024 DO 1010  I=1,IBMAX2 .
72025 ! XP(I) = XX(I)
[[2026 : YP(I) = TY(I)
72027 | 1010 CONTINVE
2028 FNU = IBMAX
2029 FNL = IBMAX
2030 : ¢
20311 ¢ TH1S SUBROUTINE GENERATES SBEAR PARABOLIC C-GRID
172032 ; ¢ THE FOLLOSING SUBROUTINES ARE RELATED TO TEE GR1D GENERATION
(2033 . c WRAP SING
2034 c TABINT CLUSTR
20351 ¢ TAINT STRTC
20361 ¢

po 81 =1, 32
8 AC(I,1) = BO(I)
I1 = IMAX
JJ = RMAX-1
IT = 31
IE = 127
11P1 = II + 1
IIML = 11 - 1
1133 = I1 + 33
11332 = 11 * ( 33-2)
ILE = (1T +1E ) / 2
PI = 4. * ATAN{1.)
NU = FNU
NL = FNL
N = NU + NL
SCALE = 1./ { XP(1l) ~ XP(NL) )
DO 3333 1=1,N
XP(1) = XP(I) * SCALE
YP(X) = YP(I) * SCALE
3333 CONTINUE
CALL SING(NU,N,IP,YP, XLE,ZLE,TEA, TES,XSING,YSING,CHD)
CALL TABINT(XP,YP,XSING,YSING,N)
NBODY = IE + 1 - IT
DO 6791 1 = 1 , NBODY
LeI-1
E(IT+L) = XP(1)
6791 F(IT+L) = YP(I)
IEPL = IE + 1
SLOPT = TES * .75
Do 438 I = IEPL , II
I1 =1 41 - IE
E(I) = AO{I1,1)
DII = 1. , 48,
D =~4. /3. ¢ (E(I}) - .25)
F(1) = F{IE) + SLOPT * ALOG(D) / D
L~1IP1 - 1

. E(L) = E(1)
" 438 F(L) = F(IT) + SLOPT * ALOG(D)/D

2075 1 ¢ MRITE (6,439)
2076 ] €439 FORMAT(2X,3H I,19X,1E2,19X,1HY)

2077 1 ¢ WRITE (6,37) (I,B{1),F(I),1 =1 , 11)
2078 CALL WRAP(11,JJ,X5ING,YSING,E,F,S0,A0,Y0)
2079 DO10J =2, 3J
2080 : DO10T =1, II
| 2083 | X(I,3-1) = AO(I,1})%e2 - (SO(I,1)+Y0(T,1))ve2
2082 ) 10 2(X,J-1) = 2. * AO(I,1) * (SO(X,1)+Y0(J,1))
2083 | RETURN
| 2084 37 ForRMAT(1S5,2F20.8)

2085 END




SRCE PROGRAM
nse2d.f

T

DATE 1/20/90 | PACE#
TIME  11:46:04 am

SOURCE TEXT

SUBROUTINE CLUSTR(DS)

_’ c..""l.‘."“lli""llIlC'."'l..""lI'.""ll'..".II.."".I""
c* . e
c* SUBROUTINE CLUSTR . *
*
|~ c'l'i.""‘ll."Q"ll'.'Q"I:0.""III'."I'I'.""!i.."“ll'."ll!l
PARAMETER (1X=180,kx=60)

COMMON/GRID1/X(IX,KX),2(IX,KX)
COMMON/DGRID/DT, IMAX , KMAX , ITEL, ITEU

DIMENSION $(60),XP(60),YP(60),R(60)

TUIS SUBROUTINE CLUSTERS A GIVEN X,2 GRID SUCE TBAT THE FIRST POINT IS AT
DO 100 I = 1 , IMAX

S(1) = 0.
XP(1l) = X(1,1)
YP(1l) = 2(1,1)
DO 10 K = 2 , KMAX
)4 XP(R) = X(I,K)
YP(R) = Z(I,K)
[ 2106 | 10 S(K) = SQRT((XP(K)-XP(K-1))**2+(YP(K)-YP(K-1}))**2)
| £10/7 | 1+S8(Kk-1)
108" SUMDX = S(KMAX)
_ﬂ’gg_ CALL STRTCH(SUMDX,DS,Fl,KMAX,FACTOR)
1107} ¢ .- WRITE (5,200) I,FACTOR
4 B R(1) = O.
2 DR = DS
3] DO 20 K = 2 , KMAX
(2114 R{K) = R(K-1) + DR
134 DR = DR * LACTOR
“2ile 20 CONTINUE
2117 RLAST = 1. / R(KMAX)
2118 DO 30 K = 2 , EMAX
L2119 R1 = R(K) * RLAST * S(KMAX)
2120 CALL TAINT(S,XP,R1,XP1,KMAX,3,NER,MON)
| 2121 X(I1,K) = XP}
[ 2122 CALL TAINT(S,YP,R1,YPl,RMAX,3,NER,MON)
[ 2123 2(1,K) = YPL
2124 30 CONTINUE
[ 2125 100 CONTINUE
4126 ¢ WRITE (6,115}
2127 . DO 1101 = 1 , IMAX .
(2128 DX = X(I.,2) - X(I,l)
2129 ; DY = 2(X,2) - 2¢I,1}
2130 DN = SQRT(DX*DX+DY*DY)
131 i ¢ WRITE(6,120) I , DX , DY , DN
21321 110 CONTINVE
2133 ; RETURK
2134 115 FORMAT(S5X,6ENORMAL,1X,8EDISTANCE,3B AT,48 THE,SR WALL,/
(2135 1,58 1,8X,2HDX,8X,28DY,8X,2BDN,//)
2136 . 120 FORMAT(15,3F10.5)
21371 200 FORMAT(15,F10.5)
2138 END
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SUBROUTINE STRTCH(SUMDX,DX1,F1,N1,R)

e eT IRt eI R R R C et R AN LN RN EI SR RRAGLELERRAPCOTIRRACOATRNRROOT

c. - -
¢ SUBROUTINE STRICR .
Ce *

GNP R IR AP Pt RN R CAC R ARSI N TANACCCR IR RSSO IR RN PTG SUREN RGO I AN

PARAMETER (IX=180,kx=60)

c
< TS SUBROUTINE DETERMINES A GEOMETRIC
c PROGRESSION OF GRID SPACING BETKEEN 1 AND N1 SUH THAT
c SUNSDX; EQUALS SUMDX. TEE SATIO BETWEEN SUCCESSIVE
c SPACINGS IS R.

Nepdi-1

2= 1.5

£l = 1.2-04

£2 = 1.2-04

PO 10 L = 1, 50

P= (R-1) * SUMDX - DX1lt(R*sN-1)

FP = SUMDX - DX1 * FLOAT(N) * R ** (N-1)

RITER = P - F/ FP
] IP(1.E~02.LT.RITER.AND.RITER.LT.1.) RITER = 1.
c TP(1..LT.RITER.AND.RITER.1Y.100.) RITER=.01

IP(ABS (R-RITER).LT. R*El) GO TO 1

R = RITER

10 CONTINVE

® = 1.0001
€ .. -DEl = DITOT/FLOAT(N1-1)

RETURN

1 R= RITER
RETURN
D




SOURCE PROGRAM

nse2d.f

DATE

1/20/90

11:46:04 am

PACE #

30

ILE = ( ITEL + ITEU ) / 2

CRORD = X(ITEV,}) -~ X(ILE,1)

. DO 100 I = 2 , IMAX - 1

C YP( ABS{X(f,1)).LT.{ ABS{X(ILE,1)) + 0.05 ¢ CBORD j ) GO TO 100
UDIF = O.

UMAX
UMIN
PMAX

0.

9999 .

0.1E-06

YMAX -1E-06

FYMAX = 0.1E-06

Y(1) = 0.

1€ . COMPUTE TAU AT THE WALL
UET = U(I1.2) - U(I,1)

0 VET = ¥(1.2) - (I, 1)
02 X1 = X(I-1,1) - X(I-1,1)
3 2XI = 2{I-1,1) - 2(I-1,1)
4 XET = 4. * X(1,2) - 3. * X(1,1) - X(I.,3)
S ZET = 4. * 2(I,2) = 3. * 2(1,1) - 2(I,3)
206 AXI = .5 * XXI
2207 2X1 = .5 + 2XI
2208 ; XET = .5 * XET
72209 ; 2ET = .5 * 2ET
~2210 YAC = 1. . (XXI * ZET ~ IXI * XET)
231 OMEGA = (UET *» XX1 + VET * 2XI ) * YAC
2212 TKALL = AMINF ¢« OMEGA / REYREF
2213 | CF(1) = 2. * TWALL / (AMINF*12)
[ 2214 FACT = SQRT(Ql(1,1) * ABS{TWALL))*REYREF/(26.*AMINF)
2215 ! DO 10 K = 2 , KEDGE-1
2216 | UXI = U(I-1,K) - U(I-1,K)
L2217 VXI = V(I-1,K) - V(I-1,K}
2218 UET = U(I.K+1) - U{(I,K-1)
2219 VET = V(I,K+1) - V{1,K-1)
2220 XXI = X(I-1,K) - X(I-1,K)
2221 j 2X1 = 2(1-1,K) - 2(I-1,K)
2222, AET = X(I.K41) - X(I,K-1)
2223 - ZET = 2(I1,K+1) - Z(1,K-1)
2224, YAC = 1. , (XXI * ZET - ZXI * XET)
2225 OMEGA = ARS(UET*XXI1+VET+*ZXI-UXI+XET-VXI*ZET) * YAC
2226 ; UTOT = SQRT(U(1.K)**2 « V(I K}**2)
2227 : UMAX = AMAXI(UTOT,UMAX)
2228 UMIN = AMIN1(UTOT,UMIN)
2229 : Y(K) » SORT{(X{I,K)-X{1,K-1))**2+(2(1,K)~-2(1,K-1))*+2)+¥(K-1)
2230 F = Y(K) - OMEGA
2231 ; IF((Y(K})*FACT).GT.20.) GO TO 31
2232 IF{I1.GT.ITEL.AND.I.LT.ITEVU) F = F * (1. - EXP(-Y(K)*FACT)}
2233 31 CONTINUE
2234 : ¢
%gz IF(F.GT.F“AX) TBEN
FMAX = ¥
2237 YMAX = Y (K}
2238 ENDIF
| 2239 FCT = Y{(K)} * FACT
2240 IF(FCT.GT.20.) FCT = 20.
"224) FCT = ABS(FCT)
2242 : EL = .4 * Y(K) * (1. - EXP(~FCT))
r,vzzu; TIN{K) = Q1(I,K) * EL * EL * OMEGA
| 2244 TIN(K) = ABS(TIN(K})
2245 | 10 CONTINUE
| 2246 : UDIF = ABS(UMAX-UMIN)
L2247 EKSWTCE = ©
2248 FWAKE = YMAX * FMAX
2249 F1 = 0.25 * YMAX * UDIF **2 / FMAX
2250 IF(F1.LT.TWAKE) FRAKE = F1
2251 DO 20 K = 2 , KEDGE - 1
. 2252 FELEB = 0.
~2253 IF(ABS(Y(K)/YMAX).LT.1.E+04) THEN
ggg;! PRLEB = 1. 7 (1. + 5.5 % (0.3 » Y(K)/YMAX) *+ §)
| END IF
hzss: TOUT(K) = .0168 * 1.6 * Q1(I,K) * FWAKE * FKLEB
2257 ; TOUT(K) = ABS(TOUT(K))
~2258 IF(KSWTCB NE.O) GO TO 20
72259 IF(TIN(K).GT.TOUT(K)) KSWICB = K - 1
2260 30 CONTINVE
~2261 | DO 30 K« 2, FEDGE - 1
L2262, IF{K.LE.KSWICE) THEN
L2263 CMU(I,K) = ABS(TIN(K))
_5264‘ ELSE
2265 CMU(I,K) = ABS({TOUT(K) )
gzss END 1F
2%2: 30 CONTINUE
c
%g% c FROZE TEE VALUE OF EDDY VISCOSITY T0 AN UPPER LIMIT
c &
_gzn le R
4272ic 138 X =K 1
J2273 ¢ 1P(K.GT.REDGE) 60 TO 736
2274 . C 735 IF(CMU(I,X).LE.CMUPP) 6O TO 734
2275 . ¢ CMU{1,X) = CMUPP
2276 i ¢ E=x+1
2277 ! ¢ 1F({K.LE KEDGE) GO TO 735
| 2278 ) € 736 CONTINUE
2279 . 100 CONTINUE
2280 RETURN
2281 END

SOURCE TEXT
70. SUBROUTINE EDDY (CNUL)
[j " c..'.'lll.‘"“"t".D‘III'OOQ'IIli't"‘ll(".l!ll"".llI'QO"I‘I.C'.
L\"‘rz" ce . - .
173 j e SUBROUTINE EDDY R N
r 24 | ¢ .
[ToV75 | CentnascesnrntcciinnnocntrrnrcceenraneeeteRRISIeIRRRICOTURT OO AR
2176 PARAMETER (IX=180,kx=60) ’
2177 COMMON/FLON/Q1 (1X,KX),Q2(IX,KX},Q3(IX,KX) , Q4 (IX,KX)
2178 COMMON/MUTUR/CMU (1X, KX }
2179 COMMON/SKINCF/CF({IX)
2180 COMMON/DGR1D/DT, IMAX , KMAX, I TEL, ITEU
3 | COMMON/PAR/GAMMA, REYREF , ALFA, ALFAL , REDFRE , AMINF , ALFAI
[ 2182 COMMON/GRID1/X(1X,KX),Z(1X,KX)
COMMON/SPEED,/ U(IX, KX),V(IX, KX}, AA(IX,KX)
| 2184 DIMENSION TIN(KX),TOUT({KX),Y(KX), TRANS(IX),S(IX), UU(KX), UE(IX)
£ < Lo .,
16 CMUPP = 1000. * CMUL
KEDGE = KMAX




SOURCE PROCRAM

nse2d.f

s SRR

SOURCE TEXT

DATE

1/20/90

282 SUBROUTINE RES1

283 CreOINRRRICOEE TR NGO IRRRACOORUNRACPOERTRFEGEFUNEKCCEUERNREShodtnatcoe
}284 | o N
| 2285 | c+ SUBROUTINE RESI .
2286 i Cv .

PARAMETER (IX=180,kx=60)

COMMON/F1X/OMEGA , EDOT
COMMON/PERTR/DQL(IX,KX) . DQ2(XX,KX),DQ3(IX KX} ,DQ4(IX,XX)
COMMON/GRID1/X(IX,KX),2(IX,KX)
COMNON/DGRID/DT, IMAX, KMAX, ITEL, ITEU

%237 RN e e iR R RS PN AR RSO SRR R LG C TR RRACE IR AR APV LT NRRSO et R TR SO et tRY
£ J

COMMON/FLOW/Q1(1X,KX),Q2(1X,KX),Q3(IX,EX),Q4(IX, KX}
COMMON/SPEED/ U(IX,KX),V(IX,KX),AA(IX,XX)
COMMON/PAR/GAMMA , REYREF , ALFA, ALFAL , REDFRE , AMINF , ALFAI
COMMON/COMRES/ RES (IX,4)
XTAU(3,K) = OMEGA * Z(I,K)

9 YTAU(I,K) = - OMEGA * X(I,K)- HDOT

[ (2299 i ¢ TRIS SUBROUTINE COMPUTES THE RESIDUAL ON THEE RIGET BAND
;g(.i c SIDE ARISING PROM THE EULER- PART OF THE GOVERNING EQUATIONS
c

230271 C  FLUX TERMS NITHIN THE 3T- DERIVATIVE
[ 2303 DO 100 K = 2 , KMAX - 1
| 2304 DO 10 I = 1 , IMAX
2305 UCON = U(I, K} * (2(1,K+1)-2(I,K-1))

r_2306 1 - V(I,R) * (X(I1,K+1)-X(I,K-1))

' 2307 UCON = 0.25 * DT * UDCON

__%308 XIT = - XTAU(I,X) *(2(I,K+1)-2(1,K-1))
[ 2309 1 + YTAU(I,K) * (X(I,K+1) - X(1,K-1})

2310 XIT = XIT * DT v 0.25
s231 UCON = UCON + XIT

2312 RES(I,1l) = UCON * QL(I,X)

2313 ; P = (GAMMA-Y.) * (Q4(I,K) -~ .5*QL(I,K)*{U(I,K)**2 + V(I ,K)}**2) )
1 2314 ? RES(I,2) * Q2(1,K) ~ UCON + P * DT * 0.25 * (Z(I,K+1) - Z(I1,K-1))
2315 | RES(I,3) = Q3(I,K) * UCON - P * DT * 0.25 * (X(I,K+1)-X(I,K-1))
2316, RES(I,4) = UCON * (Q4(I1,K)+P) - XIT * P
2317 10 CONTINUE
2318 DO 11 I = 2, IMAX ~ 1
‘2319 ; DO1{1,K) = DOL(I,K) - RES(I+1,1) + RHS(I-1,1)

2320 ; DQ2(I,K) = DO2(I,F) - RES({I+1,2) + RES(I-1,2)

2321 DQ3(1,K) = DO3(I.X) - RES(I+1,3) + RBS(1-1,3)

2322 11 DO4(1.K) = DQ4(I,K) - RES(I+1,4) + RES(I-1,4}

"53%3’ 100 CONTINUE °

c
g%z i C FLUX TERMS WITBIN THE ETA- DERIVATIVE
1 C

2327 DO 2001 = 2, IMAX - 1

2328 DO 20 K = 1 , KMAX
329 ; VCON = U(T,K} = (2(1-1,K}-2({I+1,K))

2330 1 4V(I,K) * (X(I+1,K)-X(I-1,K)}

2334 ! VCON = VCON * 0.25 * DT
2332 . ETAT = ~XTAU(I,K) * (Z2{(1-1,K)-Z(1+1,K)} - YTAU(I K}*

2333 1 (X(I+1,K)-%X(1-1,K)})

2334 ; ETAT = ETAT *+ 0.25 * DT
2335 . VCON = VCON + ETAT
2336 , RHS(K,1) = VCON * Ql(I,K)

2337 ; P = (GAMMA-1.) * (Q4(I,K) - 0.5 » QU({I ,K)*(U(I,K)**2 4+ V(I,K)*2))
2338 RES(K,2) = VCON * Q2(I,K) +P = DT * .25 v (2(I-1,K)~Z(1+1,FK))
2339 . RRS(K,3) » VCON * Q3(I,K} + P * DT » .25 *» (X(1+1,K) - X(I-1,K)}
2340 | RES(K.,4) = VCON * (Q4(I.K})*P) - ETAT * P
234) ; 20 CONTINUE
2342 DO 21 K = 2, KMAX ~ 1
2343 DPQl(1.R) = DQL{1,K) - RBS(FK+1,1} + RES(K-1,1)

2344 | DQ2(I,K) = DQ2(I,K) - RES(K+1,2) + RBS(X-1,2)

2345 DQ3(1,K) = DQ3(I,K) - RES(K+1,3) *+ RHS(K-1,3}

2346 21 DQ4(1,K) = DO4A(3,K) - RBS(K+1,4) + RHS(K-1,4)

2347 200 CONTINUE

2348 ; C 300 FORMAT(216,4E14.6)
2349 ; RETURN

2350 ¢ END
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SUBROUTINE ROTGRID(IMAX,KMAX,DALFA)

SUBROUTINE ROTGID

GOt eI I R P PN N RIS E R VARG O IAR P SO PE TR RS OITIARIA S ERERACIERARNEO Y

L T R T T R T L L T R P T T e L)

c

20

PARAMETER (IX=180,kx=60)
ROTATE GPID IN THE CLOCKWISE DIRECTION BY AN AMOUNT DALFA
COMMON/GR1D1/X(IX,KX},Z{IX, KX)
CA = COS(DALFA)

SA = - SIN(DALFA)

DO 20 K = 1 , KMAX

DO 20 1 = 1 , IMAX

X1 = X(1.K)

21 = 2(1,X)

X(I,K) = X1 * CA - 21 * SA
Z(I,K) = 21 * CA + X1 * SA
RETURN

END




7 SOURCE PROCRAM DATE 1/720/90 PACE #
"!;‘!:!"-f: TIME 11:46:04 am
AR : B o En

SUBROUTINE CPPLOT(11,12,FMACR,X,Y)
c..""ll".'..‘-|.'.'III."'ﬁ.l'.'..'I!I"""Ill'..\‘ll..""ll".'
c. *
c* SUBROUTINE CPrLOT .
. »
SIll!’."'lll".t"l.’."'lll.".'Itl!."’lll".""l"l"lll"."lll
PARAMETER (1X=180,kx=60)
C
c TRIS SUBROUTINE PLOTS CP AT FOUAL INTERVALS IN THE MAPPED PLANK
c
COMMON/SURF/PSUR(1X)
i} DIMENSION KODE(4),LINE(90),X(IX),¥(IX)
2 DATA KODE/1H ,1B+,1BI,1H¢/
2383 WRITE ( 6 , 2)
2384 2 PORMAT(SOBOPLOT OF CP AT EQUAL INTERVALS IN THE MAPPED PLANE/
2385 | 1 1080 x 108 X/C 108 CPL ,10F cpL )
2386 CPO = (1. + .2 *» FMACH *+2) ** 3.5 - 1.
2387 CPO = CPO / ( .7 * PMACH *+2)
388 KO = 30. « CPO + 4.5
2388 IMIN = (12-11)/2 + I1
~2390 ILOW = 2 + IMIN
| 2391 CED=X(11) - X(IMIN}
2392 DO 121 =1, 90
2393 12 LINE(1) = KODE(1)
2394 DO 34 I = IMIN , 12
[72395 ! X~ 30. v (CPO - PSUR(1}}) + ¢.5
2396 | X1 = 30. * (CPO -PSUR(ILOW-I)) + & 5
2397 ; IF(K.LT.1) K = 1
2398 IF(K1.1T.1) K1 = 1
2399 1F(K.GT.90) K = 90
2400 IF(Kl .GT. 90) K1 = 90
2401 LINE{KO) = KODE(3)
2402 LINE(K) = KODE(2)
2403 LINE(K1) = KODE(4)
2404 . XOC = (X(I) - X{TMIN)) / CED
_ 2405 WRITE (6,610) X{I),XOC,PSUR(ILOW-1),PSUR(1),LINE
2406 LINE(K1) = RODE{1)
2407 : 34 LINE(K} = FODE(1)
2408 RETURN
2409 ' 600 FORMAT(4F10.4) -

2410 610 FORMAT(4F1C.4,90A1)
FZYN END




e SOURCE PROGRAM DATE 1720790 | PAcE®
nse2d.f TME 11:46:04 am 34

LINE # SOURCE TEXT
2412 ; SUBROUTINE OUTRVC(REREAL)
2"3tc"'."ll'..."I'I."“'llt""ll."Q!'t"."‘lll."."ll'l'l'lll.‘!.
["2414 ) c- .
2415 | o SUBROUTINE OUTRVC .
2416} c+ M
f’z‘,7 cn---.-o'v'nn'.nv-n-coo"-:-cctc---t-..t--titocn----c'----loatttn.-
2418 PARAMETER (IX=180,kx=60)
[ 2419 COMMON/PLOT/TITLE(10) ,NSTPT,RESD(3000) ,RES,CLH(3000) ,CDPH(3000)
[ 2420 COMMON/DGRID/DT, IMAX , KMAX , ITEL, I TEUV
[ 2421 COMMON,/FLOW/Q1 (1X,KX),Q2(IX, KX} ,Q3(1X,KX),Q4 (IX,XX)

2422 ; COMMON/PAR/GAMMA , REYREF , ALFA, ALFALl , REDFRE , AMINF , ALFAI
| 2423 COMMON/SURF/PSUR(IX)

2424 COMMON/SEINCF/CF(IX)

2425 COMMON,/MUTUR/CMU(IX,KX)

2426 COMMON/TITL/ITITLE
[ 2427, CHARACTER ITITLE*80
2428 DIMENS ON FY(IX, KX}
724291 DUM = ©.
[ 2430 CODE = 0.
2431 IRES = IFIX(RES)
| 2432 ALTAD = ALFA * 45. / ATAN(1.)

2433 CMUL = AMINF / REYREF
[ 72434 DO 10 K = 1 , KMAX
;_ms DO 101 = 1 , IMAX

2436 FY(I,K) = O.

2437 10 CMU(I,K) = CMU(I,K) / CNUL

2438 WRITE(4) ITITLE

2439 WRITE(4) IMAX,KMAX,ITEL,ITEU,AMINF,ALFAD, REREAL,DUM,NSTPT,GAMMA,
| 2440 + CODE,RES . DUM

2441 WRITE(4) Q1,07,03,04

2442 WRITE(4) RESD

2443 WkITE(4) PSUR

2444 WRITE(4) CF

(2445 WRITE(4) CLH,CDPH

2446 ! WRITE(4) CMU

2447 NRITE(4) FY

2448 WRITE(4) 1K

[ 2449 WRITE(4) TE

2450 RETURN

245} END




SOURCE PROGRAM
nse2d.f

SOURCE TEXT V

DATE

1/20/90

TIME

11:46:04 am

PACE ¢

35

2452 ; SUBROUTINE OUTNT
, ; (NOUT,NSTPP, TIME, RERE
g:gz’ PARAMETER  (TX-180 knmb0 o EAL)
34351 COMMON/DAR/GANNA(REYREF (ALFA A
. i ,REYREF ,ALFA ,ALFAl ,RE .
2456 gmg:;gg:?/?nmm PR IRy s AINF ALFAL
! 2458: aprdi-ad QL(¢1X,KX),Q2(1X,KX),Q3(IX,EX),Q4(IX, KX)
g:gg PI = 4.*ATAN(1.)
480, Ax.rw-?:n'(uo./l’x)
- . { ITN .EQ. 1l¢ :
g:gz ! REWIND 31 Q. 1°NOUT ) THER
2463; gx‘r: (31) IMAX , KMAX
e mm O CHnR I ebes )
- < . O - -
5:23" WRITE (31) IMAX , b IO R !
2,“3! ::ITE (31) AMINF, ALFAD, REREAL, TIME
5460 | “g‘: (31) ¢ ( QI(X,K), I=1,IMAX ), K=1,KMAX )
r2‘7°! WRITE {31) ¢ ( Q2(1,K), I=1,IMAX ), R=1,KMAX )
5471 ! VRITE (;1) ( ( QI,K), I=1,IMAX )}, E=1,RMAX )
_2472’ RENIND‘J{’ ¢ ( Q4(X,K}, I=1,IMAX ), K-1,RMAX )
-g:gz' END 1F
| 2474, IF( ITN .EQ. 2% THEN
g:;gl REWIND 32 Q. 2eNoUT )
24781 WRITE (32) IMAX , KMAX
TSR N v S
i I=1, -
g:;g WRITE (32) IMAX , g TR, L !
2450 ::i?:: (32) AMINF, ALFAD, REREAL, TIME
$e82 | e {32) ( ( Q1(I,K), I=1,IMAX ), K=],KMAX }
34831 WRITE (32) ( ( @M(I.K). IeLIMAX ), KelAX )
2484 WRITE (32 /K), I=1,IMAX ), K=1, )
485 REHIND(JZ) ( ( Q4(1,K), I=1,IMAX ), K=]1,KMAX )
g:gg END IF
; IF( ITN .EQ. ; y
2:88‘ REsINe 0 EQ. 3+NOUT ) THEN
5488 WRITE (33) IMAX , KMAX
Lio ::XIE (33) ( ( X(1,K), I=1,IMAX ), K=1,KMAX )
2o ITE (33) ( ( 2(I,K), I=1,IMAX ), Ke=] KMAX }
2432 WRITE (33) IMAX , KMAX T
- 2493 :t;ﬂ': (33) AMINF, ALFAD, REREAL, TIME
Eytng “”}E: (33) ( ¢ QL(I,K), I=1,IMAX ), K=1,KMAX )
$498 ' yRLT (33z ¢ ( QXI,K), I=1,IM'X ), K=1,KMAX )
[pte3 ‘mné :;;. ( ( Q3(I,K), I=1,IMX ), K=1,KMAX )
5498 TED 33) ( ( Q4(I,K), I=1,TMAX ), K=1,KMAX )
g;gg__ END IF
IF( ITN .EQ. 4*NOU v
2501 . RERIND 34 ©. 4wNOUT ) THEN
%ggg WRITE (34) IMAX , KMAX
2504 WRITE (38) ( { Z(1.F), 1-1.TMAX ), Kol RMAX )
. (1,F), 1=1,I -1,
gggg, WRITE (34) IMAX . KMAX XY KL R )
2308 . :1;1;}: (34) AMINF, ALFAD, REKEAL, TIME
$e0k W{TE (§4> ( { Q1{I,K), I=1,IMAX ), K=1,KMAX )
2209 s (34) (¢ Q2(I.F), 1=1,IMAX ), K=1,KMAX )
T oy :3:) ( ( Q3(I.F), T=1,IMAY ), K=1,KMAX )
I RERING “) { ( Q4(I.K), I=1,IMAX }, K=1,KMAX )}
gz:g END IF
IF( ITN .EQ. S5*NOU v
52:4 REWIND Q NOUT ) THEN
Z;IZ' WRITE (35) IMAX , KMAX
HE S :_'ETE (35) ( ( X(1,K), I=1,IMAX ), K=1,RMAX )
(K TE (35) ( ( Z{1,F), I=1,IMAX ). K=1,KMAX
218 WRITE (35) IMAX , RMAX ' !
2312 gig (35) AMINF, ALFAD. REREAL, TIMK
2255 it (;gl ¢ ( QL(I,K), I=1,IMAX ), K=1,KMAX )
2353 o (35) ( ¢ Q2(I,K), I=1.IMAX ), E=1,KMAX }
234 yRITE :35: (¢ ozcz.n, I=1,IM2X ), K=1,KMAX }
3354 RERIED 30 ( ¢ Q4(I,K), I=1,IMAX ), K=1,KMAX )
gzgé END IF
6, IF( ITN .ui *NOU :
§S2, . REWIND 36 ¥Q. 6eNOUT ) TREN
7;58 WRITE (36) IMAX , KMAX
5530' ::i;i (36, ( { X(1,K), ¥I=1,IMAX ), K=1,KMAX )
237 b (36) ( { 2{I.K}., I=1,IMAX ), EK=1,KMAX }
233 ITE (36) IMAX , EMAX
2332, g;;i (36) AMINT, ALFAD, REREAL, TIME
234 YRITE (36) ( ¢ Q1(¢1,K}, I=1,IMAX ), K=1,KMAX }
233 YT (36) ( ( Q2(1,F), I=1,IMAX }, K=1,EKMAX )
a3 I :;:) ( ¢ 03(I,K), I=1,IMAX ), K=1,RMAX )
3837 D n) ( ( Q4(1,K), I=1,IMAX ), K=1,KMAX )
1 E
; IF( ITN .EQ. !
gé:o REWIND 37 0 7NOUT ) TREN
254;' WRITE (37) IMAX , KMAX
ot g”’t (37) ( { X{1 K), I=1,IMAX ), K=1,KMAX )
24 ITE (37) ( ( Z(I,K)., I=1,IMAX ), BR=1,KMAX
2544 WRITE (37) IMAX , KMAX ' )
23 ::#;:- (37) AMINF, ALFAD, REREAL, TIME
$ea7 " bt (:;) ¢ ( QL(I. K}, I=1,IMAX ), ¥=1,KMAX )
o ot ::7’ ¢ ¢ Q2(1,F), I=1,IMAX ), F=1,KMAX )
24s- WRITE (37)) (¢ QI K), I=),IMAX }, K=1,FMAX )
2550 ¢ RENIND 39 € ( Q4(1,K%), I=1,IMAX ), K=1,KMAX )
IR
IF( ITN .E ;
2883 REWING 28 © stwouT ) TAEN
23538 WRITE (38) IMAX , KMAX
1558 ::}I: (38) ( ( X(1,K), I=1,IMAX ), K=l KMAX |
2837 i (3B) ( ( Z(I,F), X=1,IMAX ), K=1,KMAX
2537 ITE (38, IMAX , KMAX !
HHE ::n: (38) AMINF, ALFAD, REREAL, TIME
4280 "HE :;:; : : g;;i:) 1=1,IMAX ), Fr1,KMAX )
FH CF). T=1,IMAX )}, F=i,KMA
23 ::;;: :;:) ¢ C Q¥(T.F), I=1,IMAX }, l'-;,lﬂll:i ;
5563 ERINL ”7 ¢ ( Q1. Fp, I=1,IMAX ), F=1,FMAX }
%;g; END IFf
FHH p:uwrl;; ITS .EQ 9°NOUT ) THEN
gzg; :351': (39, IMAX , RMAX
2388 4 ;; (39 (¢ X(1,7). I-1,IMAX ), F=], FMay
2569 WO TE (39) (20K TS INAX )L Eed A
2570 ITE (19 IMAX ., EMAX o !
WPITE (39 AMINF. ALFRI. REPEAL, TIV}




|

nse2d.f e
. ‘ TIME  17:46:04 am

SOURCE TEXT

2572 ; WRITE (39) (
i E ( Q1(I,K), 1=1,IMAX ), K=1,EMAX
;E;z WRITE (35) ¢ { Q2(I.K), I=1.IMAX ), E=1,KMAX )
2373 . WRITE (3%) ( ( Q3(I,K), I=1,IMAX ), K=1,EMAX )
43731 :;T;:r(”) ( ( Q4(I,K), 1=1,IMAX ), K=1,KMAX )
r_gg;g IF( ITN .EQ. 10°NOUT ) THEN
-$298 REWIND 40
,”g’ ::g: (:0) IMAX , EMAX
: (40) ( ( X(I,K), I=1,IMAX k=1
2581 WRITE (40 . ), el
= : Yy ( { 2(1,K), I=1,IMAX ), K=
“%‘ggza‘ WRITE (40) IMAX , BMAX oo E !
4383 WRITE (40) AMINF, ALFAD, REREAL, TIVE
2384 n:'n: (40) ¢ ( QL(I,K), I=1,IMAX ), K=1,KMAX )
-£288 WRITE (40) ¢ ( Q2(I,X), I=1,IMAX ), K=1,EKMAX )
4285 ! WRITE (40) ( {( Q3(I,K), I=1,IMAX ), K=1,KMAX ) '
|-2387 g;rt;r(lo) ( ( Q4(I,K), I=1,IMAX ), K=1,KMAX )
—2589 ) ir
| 2589 | ( 1TN .EQ. 11*NOUT
_ggg(h REWIND 41 ) THEN
8882 im0 (R,
| 2292 Y ¢ ¢ X(I,K), I=1,IMAX ), K=1, XMAX
zggzi WRITE (41) ( ( Z{1.K), I=1,IMAX ), K=l KMAX ;
2594 WRITE (41) IMAX , KMAX !
3298 | WRITE (41) AMINF, ALFAD, REREAL, TIME
2398 WRITE (41) ( ( OM(I,K), 1=1,IMAX ), K=1,KMAX )
3208 ¢ WRITE (41) ( ( Q2(I,K), I=1,IMAX ), K=1,KMAX )
sgg‘f zig ::i) ¢ ( Q3(X,F), 1=1,IMAX }, K=1,EMAX )
ggg?, L ) ¢ ( Q4(1,K), I=1,IMAX ), K=1,KMAX )
= i IP({ ITN .EQ. 12'NOUT
72602} REWIND 42 ) THEN
%33 gig (:z) IMAX , RMAX
..£604 (42) ¢ ( X(I,K), I=1,IMAX =
2605 | WRITE (42 . VorlEe )
4 ; ) ¢ ( 2(I,K), I=1,IMAX ), K=
eI A
. ; (42) NF, ALFAD, REREAL, TIME
%ggg . WRITE (42) ( ( QL(I,K}, I=1,IMAX ). K=1,XMAX )
4809 . WVRITE (42) ( ¢ Q2(1,K), I=1,IMAY ), E=1,KMAX )
el g}g ::g; : : 83(§,:). I=1,IMAX ), K=1,KMAX )
o : K}, I=1, ) K=
%g:g: WRITE (I.K} 1,IMAX ), K=1,KMAX )
_ ; I1F( ITN .EQ. 13+NOUT ; .
%gu : REWIND 43 ¢ ) THEX
Sele WRITE (43) (AR
( X(I.F), I=1,IMAX ), K=1,KM
,.ggl';, WRITE (43) ( ( 2(I,K), 1=1,IMAX ; x=1,maxM ;
e mm L
N ) {INF, ALFAD, REREAL, TIME
_%gg(l) :‘:lTE (43) ( ( Q1(1,K), I=1,IMAX ), K=1,KMAX )
9622 ITE (43) ( ( Q2(I,F), I=1,IMAX ), K=1,KMAX )
R O LIREE R R
§§§;= YRITE ( QA(1,K), I1=1,IMAX ), K=1,KMAX )
: IF( ITN .EQ. 14*NOU ‘
2626 REWIND 44 Q. 14TNOLT ) THEN
Sase WRITE (44) € CX{1 R,
. , (44) ( ( X(I,K), I=1,IMAX ), FK=1,KM
gggg WRITE (44) ( ( Z(I.K), I=1,IMAX ), x=1:xﬁ ;
20%0. WRITE (44} IMAX , KMAX
9. WRITE (44) AMINF, ALFAD, REREAL, TIME
2632 ::1‘” (44) ( ( QU(I,K), I=1,IMAX ), K=1,KMAX )
2833 'Rx'n: (44) ( ( Q2(I,F), I=1,IMAX ), E=1,KMAX )
3630 m};g :::) 2 fg‘l(i.:), I=1,1MAX ), F=1,KMAX )
gggg. yRITE (I,Kj, I=1,IMAX ), K=1 RMAX )
) RETURN
2638 | END

L3N
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PROGRAM AIRFGRID
PARAMETER (IX=300,KX=100)

COMMON/GR1ID1/X{IX,KX),2(1X,KX)

COMMON/DGRID/DT, IMAX, KMAX , XTEL, ITED

LOGICAL VISCOUS

READ(5,10)

READ(5,100) IMAX,KMAX

READ(5,10)

READ{5,100) ITEL,ITEU

READ(5,10)

READ{5,200) VISCOUS

READ(5,10)

READ(5,300) DMIN

READ(5,10;

READ{5,*) AORAT , AOEXP , sdispl

ILE = ( ITEU + ITEL ) / 2

1UP = ( ITEU - ITEL ) / 2

WRITE(6,1000) INAX, KMAX,ITEL,ITEV,ILE,IUP,DMIN, AGRAT
1000 PORMAT('Imax = ',J10,10x,’'kmax = *‘,I10,5x,/,

1 ‘Trailing edge lower =',110,/,
2 ‘Trailing edge upper =',110,/,
2 'Leading edge = ,110,/,
2 'Iupper » Ilower =',110,/,
3 *D:stanse of the first poimt =',£20.10,/,
4 '‘Streching ratio =',£20.10,/)

CALL AIRFOL( AORAT , ACEXP ., sdispl )
IF({ VISCOUS ) CALL CLUSTR({ DMIN )

WRITE(6,1100)
1100 FORMAT(//,'GRID BOUNDARIES',/)
RTEOUT = ABS( X(1,1) - X(ITEL,1l) )
RLEIN = 3BS({ X(ILE,KMAX)} - X(ILE,1l) )
ItP = 1LE + ( ITEVU - ILE ) / 2
RUP = ABS( Z(IUP,KMAX) - Z(IUP,1) )
WRITE(6,1200) RTEOUT , RLEIN , RUP
1200 FORMAT(5X. ' Didtanse between trailing edge aps outflow =',£20.10,/
1

,Sx,'Distanse " leading edge and inflow =',£20.10,/
2 ,5x,'Distarse of the body from the upper boudary=',£20.10,/)
REWIND 21

WRITE (21) IMAX, KMAX
WRITE (21) (( X(I,K), I=1,IMAX), K=1,KMAX ),
1 (( 2¢1,¥), I=1,IMAY), F=1,KMAX )
STOP

10 FORMAT(1X:

100 FORMAT(2153)

200 FORMAT(3L?Y)

300 FORMAT(4E.0.0)
END




LINE # SOURCE TEXT

SOURCE PROGRAM

airfgr.f

DATE

1/20/90

TIME

11:45:57 am
—

49 SUBROUTINE METRIC
b c'.""l'.‘.""l"..“‘.'.'.".I..'.“l-"‘.'.l-.'."l.l.""'ll.."'
[ .
zﬁ ce SUBROUTINE METRIC .
31 g . .
L L e R T e T e R R L
5 PARAMETER (IX=300,KX=100)
6. COMMON/ FIX/OMEGA , HDOT
'_“i'7 COMMON/DGRID/DT, IMAX , KMAX , ITEL, ITEU
8 COMMON/GRIDL/X{IX, KX),Z(I%,KX)
9 COMMON/GRID/YACOB(IX,KX)
60 | COMMON/MTRIX/XIX(IX,KX),XX2(IX,KX),ZETAX(IX, KX}, 2ETAZ(IX ,KX),
_63; 1XIT(1IX,KX),2ETAT(IX,KX)
[
‘3_1 CTes2 TEE BUBROUTINE METRIC COMPUTES THE METRICS IN ALL TEE TWO DIRECTIONS XAND
3 [+ TEE UNSTEADY COEfFFICIENTS ETAT EIC.
c
3 DO 1000 K = 1 , KMAX
F_ﬁ_ DO 1000 X = 1 , IMAX
3 ATAU = OMFGA * 2(I,K}
69| YTAU = OMEGA * (-X(I,K))- EDO
JO| Cox» PRESENT SET UP XIS POR FLOW PAST AX  AIRFOIL.

<

IP(I.EQ.1.OR.I.EQ.IMAX) GO TO 10

;

IXI = .5 * (X(I+1,K)-X(I-1,K))
ZXI = .5 * (2(I+1,F)-2(I-1,R})

GO TO 15

4
s
6 10 IF(XI.EQ.IMAX) GO TO 16
27, XXX = 1.0 = (X(2,K} - X(1,K))
78 231 = 1.0 * (2{2,K) - Z{1,K}))
79! GO TO 15
80 16 XXI = 1.0 * (X{IMAX,Kj - X(IMAX-1,K))
80 2XI = 1.0 * (Z{IMAX,K) - Z(IMAX-1,K)}
| 82° 15 CONTINUE
83 IF(X.EQ.1.0R.K.EQ.KMAX) GO TO 17
84 XZET = .5 *(X(1,R+1)-X(I1,K-1))
|85 2ZET = .5 *(2(I,K+1)-2(1,K-1})
86 ; GO TO 20
71 17 IF(K.EQ.KMAX) GO TO 18
__88., XZET = 2. » X(I1,2)-1.5 * X(1,1) ~ .5 * X(I,3)
“’89; 2ZET = 2. * 2(I1,2) - 1.5 * 2(I,1) - .5 * 2(I,3)
[ 90! GO TO 20 :
) . 18 XZET = 1.5 * X(I1,KMAX)-2.% X(I,KMAX-1)+.5°X (1 KMAX-2)
.92 2ZET = 1.5 * Z(1,KMAX)-2.* 2(I,KMAX-1)+.5+*Z(1,KMAX-2)
93! 20 CONTINUE
E _94A YACOBI = XXI * Z2ZET - XZET * ZX1
o5 YACOB(I,K} = 1. / YACOBI
96 XIX(I,K) = ZZET * YACOB(I,K)
[~ 97 X1Z({1.K) = -XZET * YACOB(I,K)
.98 XTAU = OMIGA * Z(I,K)
- 99 : YTAU = - OMEGA * X(I,K)- BDOT
100 | XIT(1,K) = - XIN(1,K) » XTAU - XZIZ(1,K) * YTAU
100 2ETAX(I,K) = -IZXI * YACOB(I,K)
oz ZETAZ(I,K) = XXI * YACOB(I,K)
03] ZETAT(I,K) = - ZETAX(I,K) * XTAU - ZETAZ(I,K) * YTAU
104 1000 CONTINUE
ves RETURN
106 END
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SUBROUTINE WRAP(II,JJ,XSING,YSING,XP,YP,S0,A0,Y0)

RGN AR AP Q I TN RAOCER A RNAAC O N R RACESERRRACCERN A REC G C AN NCRCCEARNRAENG T

.

SUBROUTINE WRAP o .

N

AR EE SO R R AR NG PO PR A NA NG PR R RGO C N R A NG PR R R AR AN P CARREPCARARARAGO G TR

PARAMETER (IX*300,KI=100)

DIMENSION SO(IX,4),YO(IX,4),A0(IX,4),XP(1),¥YP(1)

LY

THIS SURROUTINE UNWRAPS THE AIRFOIL AND STORES THE UNWRAPPED
BURFACE IN ARRAYS A0 AND 50. 1T ALSO DETERMINES THE STRETCHING
. IN THE ETA DIRECTION.

D = (11 + 1) / 2
DY = .8/ (31-12)
pPol1LI=2,0

Y = FLOAT(J-2) * DY
Y0(J,1) =1.25 * Y/ (1. - Y * Y)
YO(1 , 1) = - Y0(3,1)
Pl = 4. ¢ ATAN ( 1.)
ANGL = PI + PI

U = XP(1) ~ XSING

V = YP(1) - ¥SING
U= 1.

-

'
A11 = XP(I) - XSING

Yil = YP(I) - YSING

ANGL = ANGL + ATAN2((UsY11-VsX11),(U*T11+Vs¥11))
R = SORT(X11%*2 + Y1l++2)

U = x11
v =r11
R = SQRT(R)

AO(I,1) = R * COS(.5 * ANGL)

SO(I1,1) = R * SIN(.S5 * ANGL)

NRITE (6,1000)

WRITE (6,2000) (I,AO(I,1},S0(I,1},1 =21 , 1I)

RETURN

1000 FORMAT(LX,'UNWRAPPED COORDINATES IN THE TRANSFORMED PLANE')

2000 FORMAT(IS , 2F20.8)
END

~




SOURCE PROGRAM

airfgr.f

DATE 1/20/90 | PAGES

57 am

SOURCE TEXT

SUBROUTINE TABINT(XP,YP,XSING,KYSING,N,sdispl)

B T e e L e Y 2T Y

J e RN .
[ SUBROUTINE TABINT .
] c‘ *

ctI.IC.'.\'!l."'.'lll."l‘ll'.'.‘lll""“ll"'l‘lll’.""‘l‘.."lill
PARAMETER (IX=300,KX=100)

DIMENSION XP(IX),YP(IX),S0{IX),A0(IX), DTEXI(IX),DXW(IX), DX{IX)
COMMON/DGRID/DT, IMAY, KMAX , ITEL, ITEU, ILE

PI = 4.*ATAN(1.)

U = XP(1) - XSING

V = YP(1) - YSING

Us=1.

v e 0.

ANGL = 8., * ATAN(1.)
DO11=1,N

I11 = XP(I1) - XSING

Y11 = YP(I) ~ YSING

ANGL = ANGL 4 ATAN2((U*Y1l-VsX11),(U*X11+4V+Y1l})
B = SQRT(I114+2 + Y11 s+ 2)

R = SQRT(R)
AO{I) = R * COS{ANGL * .5)
1 SO(I) = R * SIN(ANGL * .5)

""AOL = AO(N) ~ AO(1l)
DXNS = 0.0

AOST = AO(1)
idiv = 1 + ( iteu - itel )

TADX = ©.

DTRXI(1) = O.

DTHXI(2) = pi* SDISPL/2.

DTEX = (1.~ SDISPL )} * PI / (IDIV-1)
Do 9 1= 3,IDIV

DTEXI{I} = DTBXI(I-1) + DTHX

DO 10 I =1,IDIV

TEDX = (I~-1)*DTHX

1f( i1 .eq. 2 .or. i .eq. idiv ) thep

o

if{ 1 .eq. 2 ) thdx = .5+sdispl * pi + thdx
if( 1 .eg. idiv ) thdx = ( l.-sdispl)epi

else

thdx = todx

epdif

THEDX = DTHXI(I)

thaxad = (180/pi)*thdx
write{($,*; ., thaxd
DXW(I) = abs ( SIN( THDX ) )

10 DXNS = DXXS + DXKW(I)
po 20 I =1,IDIV
, 20 DX(I) = DAW(I) * AOL / DXKS
DXI = 0.
Do 3 I=1, IDIV

DXI = DXI + DX(1)

XX = DXI + AOST

CALL TAINT(AO,S0,XX,YY ,N,3 NER,MON}

XP(1) = XX * XX - YY * YY + XSING
3 YP(I) = 2. * XX * YY + YSING

RETURN

END




SOURCE PROCRAM DATE 1/20/90 PACE #
all“fg r-f TIME 1:45:57 am

LINE ¢ SOURCE TEXT
21t ¢
mriva SUBROUTINE TAINT(XTAB,FTAB,X,FX,N, &, NER, MON)
|3 cﬂ'!'.‘nl‘..t'lIli""“.i.t"liI‘Q'!'.‘ RAVEEARAROPCA AR AAL S I RDARAS S
atdles *
_____ 157 ¢ SUBROUTINE TAIN? .
2161 Ce .
27 PR Ao el At erdrRieeeeershatsd e atssstaRhtevensnttdnrssanetcrrent
218 PARAMETER (1X=300,KX=100)
_:g;g DIMENSION XTAB(1),FTAB(1),T(10),C(10)
c
2210 MASA - AMES SUBROUTINE FOR POLYNOMIAL INTERPOLATION
,__zg_;d c OF A TABULATED FUNCTION
c
_gga_ IP(N~K) Y , 1,2
2257 1 NER ~ 2
T226) RETURN
_%7 2 IF(K-9) 3,3,1
128 ] 3 IP(MON) 4,4,5
229 ] 5 IP(MON-2) 6,7,4
230 eJ=0
231 NML = N - 1
| _232 DO SI=1,NM
233 IF(XTAB(I) - XTAB(I+1}) 9,11,10
F:Z’MN 11 NER = 3
238 RETURN
236 93 = J-1
237 GO TO 8
72387 103 =341
239 ) 8 CONTINUE
240 MON = 1
(241} IF(J) 12 , 6 , 6
242 12 MON = 2
243 7po13I=1, N
244 IF(X - LTAB(I)) 14,14,13
245 143 =1
246 GO TO 18
247 13 CONTINUE
_248) GO TO 15
249§ §pDO1§ I =1 , N
250 IF(X-XTAB(1)) 16,17,17
251 173 =1 .
252 GO TO 18
253! 16 CONTINUE
_254 ] 153 =N
255 ¢ 18 7 = J - (K-1) / 2
.. 256 ; IF(J) 19,19,20
257 ; 19 J = 1
258 ; M= 3+ K
7259 IF(M - N) 21,21,22
260 : 223 =3-1
261 ; GO TO 20
262, 21 KP: = X + 1
263 JSAVE = J
264 - 26 DO 23 L = 1, KP1
_265; C(L) = X - XTAB(J)
266 T(L) = FTAB(J)
_267 23 3 = 341
268 . DO 24 J = 1,k
1269 1= J41
270 ; 25 T(I) = (C{3)*T(I)-C{I)*T(I))/(C(I)-C(L))
27V 1= 1e1
272 ] IF(I-FPl) 25,25,24
273 24 CONTINCE
274 ; FX = T(KPl)
275 . NER = 1
276 RETURN

277 END
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SUBROUTINE SING(N2,N,X,Z,XLE,YLE,TEA,TES,XSING,YSING,CHBD)

CR et AR RS Ot R N RS AP P EREAS O ITRRS ISR TRRTEIIIETREOOARRERASISENTRARSGOS

.

SUBROUTINE SING - *

*

ORGSR AR NI PSR LR AL SR AR I T PO N T I RAGECUR ARG PP R ARSI HANT RO PR RN

PARAMETER (IX=300,KX=100)

THIS SUBROUTINE COMPUTES SINGULAR POINT LOCATIONS.
DIMENSION X(2) , 2(2)

NU = N2

Nl = N2 ¢+ 1

N} =N2 -1

X1 = X(N1)

1 = L(X1)

X2 = X(N2)

2 = L(N2)

X3 = X(N3)

T3 = L(N3)

D1l = X2 **» 2 - 21 ** 2
D2 = T2 ** 2 - Tl ** 2
D3 = X2 - 1x1

D4 = 22 - 21

D5 = X3 *+ 2 - X1 *v 2
D6 = 23 *» 2 - 21 *» 2
D7 = 13 - x1

D8 = 23 - 21

B = (D7 * ( DIl + D2) - D3+(D5+D6))/(2.*(D7*D4-D3I*D8))

IF(ABS(D3).LT.ABS(D7)) GO TO 10
A=(DL+D2~2. *B*D4) / (2. * DI)

A= (D5+D6-2.*B*D8) /(2. * D7)

R = SQRT((X2-A)** 2 + (Z2-B)**2)
XLE = X(NU)

YLE = Z{NU)

CHD = X(1) - X(NU)

A2 = (2(2)-2(1)) /(X(2) - X(1)}
Al = (2(N)-Z(N-1))/(X(N)-X(N-1}))
TES = .5 + (Al + A2)

TEA = A2 - Al

TEA = TEA + 57.29578

ISING = (A+XLE) /2.

YSING = (B+YLE} / 2.

RETURN

END




SOURCE PROCRAM
airfgr.f

SOURCE TEXT

1/20/90 | PACE#

11:45:57 am

|

i

i

*
08 N VA WV — O D BN O

i

TSV

]

. W

{

i

WA WA W

JUYSYNN

L Y T T e e s

V"V‘V‘,V‘V‘."NA Fr

VoNAVIAW NTL- COEIAVS

Omms'v"v-v‘_mvi

NOV‘?WN—

8

NOVIAWN=—QOVBNRAWVAWN=CO

A0NNOOO

SUBROUTINE AIRFOL{ AORAT , alexp ,3displ)

P PPt IRRIO eIt v it ettt R RSOt NRRRI eI URROSOITIRATTEIERA NGO EINTTE IO OQ

4 ce

SUBROUTINE AIRPOL

et east i aetratst it tantdt¢tntatttiavsasttttsdontitissncitsitrsartites

oan 60

101

102

103

1000

1010

333

6791

37

PARAMETER (IX=300,KX=100)
COMMON/GRID1/X(1X,KX},Z(IX,KX)
COMMON/DGR1D/DT,IMAX, KMAX, ITEL, ITED
COMMON/YSYM/ISYM

DIMENSION SO(IX.4),A0(IX,4),Y0O(IX,4),XP(IX), YP(IX),
1E(IX),F(IX),BO(IX)

DIMENSION XL(IX), XU{IX), YL(IX), YU(IX),

2 XX(IX), YY(IX)

DATA (BO(I),T=1,32)/1.,1.0414,1.0836,1.2270,1.1715,1.2175,1.2651,

31.3145,1.3659,1.4199,2.4755,1.5349,1.5973,1.6636,1.7342,1.8099,
23.8514,1.9799,2.0764,2.28259,2.3012,2.4341,2.565),2.7597,2.964¢,

33.2106,3.5141,3.9019,4.421%,5.1687,5.3632,8.480%/

READ{S,*) ISYM, IBMAX
1P( ISYM .EQ. 1 ) TEEN
DO 101 1=1,IBMAX
READ(S,*) XU(I), YU(1)
ELSE

DO 102 I=1,IBMAX
READ(S,.%) XU(I), YU(I), YL(I)
CONTINUE

ENDIF

I1F( ISYM .EQ. 1 ) THEN
DO 103 1=1,IBMAX
YL(I) = - YU(I)

ENDIF

DO 1000 I~1,IBMAX
IV = I + IBMAX
XX(IU) = Xt(1)
YY(IU) = YU(I)

IL = IBMAX - T + 1
IX(I} = XU(IL)
YY(1) = YL(IL)
CONTINUE

IBMAX2 = 27IBMAX

DO 1010  I=1,IBMAX2
XP(I) = XX(1)

YP(I) = YY(I)
CONTINUE

FNC = IBMAX

FNL = IBMAX

TRIS SUBROUTINE GENERATES SEEAR PARABOLIC C-GRID
THE FOLLOWING SUBROUTINES ARE RELATED TO THE GRID GENERATION

WRAP SING
TABINT CLUSTR
TAINT STRTC

AO(1,1) = 1.

DO & I = 2 , IBMAX

AO(I,1) = ( AO(I~1,1) * AORAT )*°AQEXP
PI = 4. * ATAN(1.)

NU = ENU

NL = FNL

N = NU « NL

1T = ITEL

IE = ITEU

ILE= ( ITEL + ITEU ) / 2
11 = IMAX

33+ KMAX-1

1IP1 = 11 + 1

1I¥1 = IT - 1

1133 = 11 * 33

11332 = 11 * ( 33-2)

SCALE = 1./ ( XP(1) - XP(NL) )

DO 3333 1=1,N

XP(1) = XP(I) * SCALE

YP(I) = YP{I) * SCALE

CONTINUE

CALL SING(NU,N, XP,YP,XLE,ZLE,TEA,TES,XSING,YSING,CHD)
CALL TABINT(XP,YP,XSING,YSING,N,sd1spl)
NBODY = IE + 1 - IT

DO 6791 1 = 1 , NBODY

Lel-1

B(IT+L) = XP(I)

F(IT+L) = YP(I)

IEPL = IE « 1

SLOPT = TES * .75

DO 438 I = IEP1 , II

I1 =141 -1IE

E(I) = AO(I1,1

DXI » 1. / 48.

D = 4. /3. v (E(J) - .25)

F(I) = F(IE) + SLOPT * ALOG(D) / D
L=11P1 - 1

E(L) = E(1)

F(L} = F(IT)} + SLOPT v ALOG(D)/D

WRITE (6,439)

PORMAT(23,3B I,19X,1MX,19%,1%Y)

WRITE (6,37) (1,E(1),P(1),I =1 , II)
CALL WRAP(1I,3J,XSING,YSING,E F,S$0,A0,Y0)
DO 10J = 2, 33

po 101 =1, I1

X(1,3-1) = AO(I,1)**2 - (S0(I,1)4Y0(J,1))**2
Z(3,3-1) = 2. * AO(I.1) * (SO(1,1)+Y0(J,1})
RETURN

TORMAT(I5,2F20.8)
END




SOURCE PROGRAM DATE 1/20/90 | PAGES

TIME  11:45:57 am

B

LINE 3 SOURCE TEXT
432 SUBROUTINE CLUSTR(DS)
c.‘..'Illl."‘!ll."Ql!ll!"n‘lll.lﬂt.IIIIOOQIIIICO"Illl.'t"llit"'
Ce R
= SUBROUTINE CLUSTR N
C» .

nNn

L LT T Ry T L N L L T L P L P TR P T 1Y
PARMMETER (IX=300,KX=100)
COMMON/GRID1/X(IX,KX},2(1X, KX)
COMMON/DGRID/DT, IMAX, KMAX , ITEL, ITEU
DIMENSION S(IX),XP(IX),YP(IX),R(IX)

TRIS SUBROUTINE CLUSTERS A GIVER X,2 GRID SUCB THAT TRE FIRST POINT IS AT

DO 100 I = 1 , IMAX
S(1) = 0.

IP(1) = X(1,1)
YP(1l) = Z(1,1)

DO 10 K = 2 , KMAX
IP(K) = X(1,K)

6!c . WRITE (§,200) I,FACTOR

YP(K) = 2(1,K)

10 S(K) = SORT((XP(K)-XP(K-1})%¢2+(YP(R}-YP(K-1))**2)
1+S(k-1)
SUMDX = S(EMAX)
CALL STRTCH(SUMDX,DS,F1,KMAX,FACTOR)

R(1) = 0.
DR = DS
DO 20 K = 2 , KMAX
R(K) = R(K-1) + DR
DR = DR * FACTOR
20 CONTINUE
RLAST = 1. / R(KMAX)
PO 30 K = 2, RMAX
Rl = R(K) * RLAST * S(KMAX)
CALL TAINT(S,XP,R1,XPL,KMAX,3,NER,MON)
X(I,K) = XP1
CALL TAINT(S,YP,R1,YJL,KMAX,3,NER,MON)
2(1,K) = YP1
30 CONTINUE
100 CONTINUE
WRITE (6,115) .
DO 1101 = 1, IMAX
DX = X(I1,2) - X(I,1)
DY = 2(1,2) - 2(1,1)
DN = SORT/DX*DX+DY*DY)
T WRITE(6,120) I , DX , DY , DN
110 CONTINVE
RETURN
115 FORMAT(S5X,GENORMAL,1X, 8HDISTANCE,)B AT,4B TEE,5E WALL,/
1,58 1,8X,28DX, 8X,28DY,8X,28DN,//)
120 PORMAT(I5.3F10.5)
200 FORMAT(IS,F10.5)
END




SOURCE PROCRAM . DATE 1/20/90 PACE #
airfgr.f TIME  11:45:57 am

SOURCE TEXT »

SUBROUTINE STRTCH({SUMDX,DX),F1,N1,R)

Coovveunnnseetens TEPIARARA LI R NRAITERNRAACECTRRNTAG SRR R CRQ OO RRRANCON

ce .
e SUBROUTINE STRTCH .
Cc* *

G oM E P e et eRsteretiaressttaRaesettRRIgettRNRREtITARRAIOINARTSOOWARNK
PARAMETER (1X=300,KX=100)

<

c TEIS SUBROUTINE DETERMINES A GEOMETRIC

41C PROGRESSION OF GRID SPACING BETWEEN )} AND Nl STUH TBAT

ic SUMSDX) BQUALS SUMDX. THE SATIO BETWEEN SUCCESSIVE

c BPACINGS IS R.

El = 1.E~04
E2 = 1.E-04
po 1oL =1, 50
F= (R-1) * SUMDX - DX1*(R**N-1)
FP = SUMDX - DX1 ¢ FLOAT(N) * R *¢ (N-1)
RITER = R - F/ FP
“¥F(1.E-02.LT.RITER.AND.RITER.LT.1.} RITER » 1.
¥2{1. .LT.RITER.AND.RITER.LY.100.) RITER=.01
IF(ABS{R-RITER).LT. R*El) GO TO 1
R = RITER

10 CONTINUE
R = 1.0001
pXi = DLTOT/FLOAT(N1-1}

on

N-—-O N
i )
2]

RETURN

1 R= RITER
RETURN
END

Ers™




SOURCE PROCRAM

airfgr.f

DATE 1/20/90 PACE #
TIME  11:45:57 am

LINE # SOURCE TEXT
_S16 SUBROUTINE ROTGRID(IMAX,KMAX,DALFA)
__r; . ct'."Il..."‘II.CCt'illl..'9“!.""'!.!.00“‘!l.'."lll.""l!l."'
8ice : 3 . .

519} ¢ SUBROUTINE ROTGID A *
5207 ¢ *
o 2' c.l’ll.'."ll..."‘Ik.'"‘IlI.."“ll".“‘lI.""'ll."""!.'t"'ll
_ 522 PARAMETER (IX~300,KX=100)
_____ 237 c ROTATE GRID IN THE CLOCKWISE DIRECTION BY AN AMOUNT DALFA

24 COMMON/GRID1/X(1IX,KX),2({IX,KX)

25 CA = COS(DALFA)
526 SA = - SIN(DALFA)
827 DO 20 K = 1 , KMAX
[ 528 DO 20 I = 1 , IMAX
829 X1 = X(I,K)
530 21 = Z(I,K)
531 X(I,K) = X1 * CA - 21 * SA
[ 532 20 2(I,K) = 21 ¢ CA + X1 * SA
833 RETURN

534 D
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